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Preface

The summer of 1960 at the University of California, Los Angeles, I gave
a series of lectures on the precise measurement of d-c¢ resistance. These
lectures were part of a course on basic measurements and standards in a
summer program for industry entitled ‘“The 1960 Statistical Methods in
Industry Course.” For use in this course, I asked Paul P. B. Brooks of the
NBS staff to prepare a detailed description of the procedures used at the
National Burcau of Standards for the accurato measurement of d-¢ resistanco.
In view of the current urgent needs of industry and the military services for
information on precision measurement techniques, it was decided to expand
and publish this material in the present Monograph.

Bocause of the recent tremendous growth in standardizing laboratories,
and the lack of personnel with training in measurements, it seemed desirable
to present this material on d-c measurements in as nontechnical a way as
possible. It should then be helpful to the largest number of people, although
admittedly containing much detail that is unnecessary for those with scientific
training. '

James L. Tromas, Chief,
Resistance and Reactance Section,
Electricity Division.

iii
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Calibration Procedures for Direct-Current Resistance Apparatus
Paul P. B. Brooks

The equipment and procedures used at NBS for the precise measurement of d-c resist-

ance are explained in detail.
of bridges and potentiometers is explaived.

The specific application of these procedures to the calibration
It is expected that this paper will be of con-

siderable help to the many company and governmental standardizing laboratories now being

established.

Part 1. General Outline of Equipment and Procedures

1. Object and Scope of This Paper

This paper describes the apparatus and pro-
cedures used at the National Bureau of Standards
for the measurement of d-c resistance when an
wcearacy of a few parts in a million is required.
The instruments usually used for this work are the
Direct Reading Ratio Set and the Universal Ratio
Set. These instruments, together with an assort-
ment of standard resistors, special mercury stands,
wd galvanometers, switches, and batteries, are
used for the calibration of practically all types of
4-¢ measuring instruments.

The object, will be to explain procedures in detail
nd as simply as possible, with a minimum ref-
sence to theory. For the reader who wishes to
f into greater detail of design and theory, Circu-
lir 470 of this Bureau, “Precision Resistors and
Their Measurement,”” or text books on electrical
measurements should be consulted.

2 Errors, Corrections, and Tolerances

Thése quantities may be expressed in units of
roent, proportional parts, percentages, or
r million. .
> value of a resistor, as measured with a
18 99.7 ohms, whereas its correct value is
ms, the error of the bridge measurement
m. The correction which must be added
ridge reading to obtain the true value is
It is important to avold confusion
rror and correction.
dge reading had been 100.3 ohms, the
rould have been —0.3 ohm.
00 measurement, we are concerned
rrection which must bo added alge-
‘the reading of an instrument or to the
e of a resistor to obtain the true value.
eding example, the correction -+0.3
d in proportional parts, is -+0.003,
o 3 parts per 1,000 of the bridge
f; Correction in proportional parts to
;20 mstrument is equal to the cor-
ed by the reading. Likewise, the
roportional parts to the nominal
stor is cqual to the correction in
s nominal value in ohms.
10 percent is 100 timos the cor-
tional parts. Hence, the cor-

rection in the above illustration is --0.3 percent
of the bridge reading. The correction in parts per
million (ppm) is 1,000,000 times the correction in
proportional parts. The above correction is
+ 3,000 parts per million (43,000 ppm).

Proportional partsX 100=percent
Proportional parts<1,000,000==parts per million
Percent X 10,000==parts per million

The correction of 3,000 ppm is many times
larger than the corrections for good laboratory
equipment., However, the difference between
3000 ppm (0.3 percent) of 99.7 ochms and 3 000
ppm of 100.0 ohms is only 0.0009 ohm. There-
fore, in laboratory measurements, it is usually
immaterial whether a correction to a resistance
is based on its nominal value or on its true value.

A iolerance is ususlly expressed as a percentage.
If the certified value of a resistor is 100.003 ohms
with a stated accuracy of 0.002 pereent, the
tolerance is -+0.002 percent of 100.003 ohmus,
or +0.002 ohm. The true value is within the
range 100.008 £+ 0.002 ohms (100.001 to 100.005
ohms).

Resistors are designated by their nominal
values. Due to limitations on the accuracy of
manufacture and to inherent instabilities in
resistance materials, some correction, positive
or negative, generally must be added to the
nominal value of a resistor to obtain its frue value.
Since the correction is usually given in parts per
million by the special bridges used at the National
Bureau of Standards, it must be expressed in
terms of the ohm before it can be used.

Example: What is the true value of a resistor
if its nominal value iz 1 000 ohms and its cor-
rection is +57 ppm?

Solution: The correction, <57 ppm, is
+0.000057 propoertional parts; 0.000057 of 1000
ohms is 0.057 ohm. Since the correction is
positive, the true or corrected value is 1 000.000-}-
0.057=1,000.057 ohms.

A quick and simple solution is expressed in
the following rule: Affix enough zeros to the noma-
nal value to make one million (or @ small iniegral
multiple of one million). Underneath, write the
correction with its algebraic sign. Add, and place
the decimal point consistont with its position wn
the nominal value.



Ticure 2. Ratio set vn a Wheatstone bridge circudt.

1 the diagram, S is o resistance standard, X an
tknown resistor of the same nominal value, and
e radio arms A and B are the arms of a Direct
mding Ratio Set. G is the galvanometer and
"isa voltmeter across the battery, BA, and the
attery theostat, Rh. The current divides at M
1o parts which are nearly equal through the
mnches MPO and MNO, thus applying approxi-
istely equal loads on these two branches of the
thwork. )
iThe advantage of the circuit of figure 2 is that,
heo the nominal resistance of each arm, A and B,
8 Direct Reading Ratio Set is 100 ohms, the
sstance of each branch, MPQO, and MNO, for
7 value of S and X, is always more than 100
s, With a sensitive galvanometer excessive
{00 any part of the bridge circuit may be
By avoided.
i the other hand, if the galvanometer is
thected to M and O and the battery is connected
.and N, corresponding to figure 1A, and
1 ohm, the current through S and X will
W times the current through A and B.
gh the ol required across the bridge in
e ay be considerably less than the emf
Ied in the circuit of figure 3, the current
h the one-ohm resistors, nevertheless, will
T. Since the heat developed in a resistor
tional to the square of the current, there
e of producing excessive heat. The eraf
sually increased in the circuit of figure 2
.&*de(luato golvanomoter deflections for

es of 8 and X without overheating any
1€ circuit,

4. Resistance Standards
; Design for Precision Measurements

8ree of accuracy in resistance measure-
ined by comparison of an unknown

Fiaure 3. NBS standard resistor.

resistance with one which is accurately known.
For this purpose, resistance standards, accurate
to a few parts in a million, are available in a wide
range of values, usually in decimal multiples or
submultiples of 1 ohra.

The resistance element of manganin wire is
enclosed in a protective case and connected into
a circuit by two copper arms, the terminals of
which (a, 8", fig. 3) are plane, clean, free of cor-
rosion, and amalgamated. The arms with amal-
gamated terminals are designed to support the
resistor with the terminals in mercury cups or on
a mercury stand. Countact resistance cannot be
ignored when precision is required. Mereury con-
tact resistance may be kept to a few microhms,
while clamped contacts will probably offer a re-
sistanve of 100 o 1000 wicrohins.  Also, mercury-
contact connection can be repeated without
significant change in contact resistance. Binding
posts (b, b’) are usually provided at the top of
the arms. The difference in resistance between
a and a’ and the resistance between b and b’ is
insignificant in comparison with the resistance of
a resistor of large denomination. For a resistor
of 1 ohm or less, the difference is important.

4.2. Two-Terminal Versus Four-Terminal Resistance

This leads to consideration of the difference
between two-terminal and four-terminal resistance.
In figure 4, if the resistance is measured two-
termnally between ¢ and d, it is equal to the
resistance of R plus the resistance of the leads,
ca and bd. Likewise, if the resistance is measured

3



Ixemples:

1. T'he nominal value of a resistor is 1 H00 ohms.
What is its corrected value?

correction is 37 ppm.
(See block at right).

The corrected value is 1 000. 057 ohms.
would have been 999.943 ohms.

2. Find the corrected value of a 0.001-ohm (nominal

value) resistor with a correction of —63 ppm.

The corrected value is 0.000999937 chm.

3. Nominal value, 50 ohms.
Tind the corrected value.
makes five million.
per five million.

The corrected value is 50.00355 ohius.

The notation, R(1-¢), is a short and con-
venient method to express the true value of a
resistor in terms of its nominal value, E, in ohms
and its correction, ¢, in parts per million. For
example, 100(1+27 ppm) shows that 0.000027 of
the nominal value must be added to the 160 ohms
nominal value to obtain the true value. Hence,
the true value is 1003<1.000027=100.0027 ohms.
Likewise, 10(1-85 ppm) shows that a correction
of —85 ppm must be applied to the nominal
value of 10 ohms to give the true value of the
resistor. The true value is 10(1—0.000085)=
1030.999915=9.99915 ohms,

In any case, the true value may be found by
the method illustrated by the above examples.

3. Basic Circuit for D-C Resistance Measure-
ments

Precise measurements of resistance with the
Direct Reading Ratio Set or the Universal Ratio
Set make use of a Wheatstone bridge circuit in
which the ratio set forms the ratio arms.

Correction, 71 ppin.
The addition of five zcros
Hence, add 5X(+71)=--355 parts

G
(8) N

Wheatstone bridge circuil.

(a) BA
FiGuRrE 1A axp B.

Tts Nominal value 1 000
Affix 3 zeros 1000
Add correction
Point off 1 UU()_

If the correction had been —57 ppm, the corrected v

0. 001
1 06¢

Nominal value
Add 6 zeros
Add correction

Point off 0. 000 (;JE

Nominal value 50.

Affix 5 zeros 50 0
Add correction -
Poiut off 5(Tn

The Wheatstone bridge circuit is repress
schematically in figures 1A and 1B, where &
A, and B represent the arms of the bridge and
their respective resistances. Resistors A w
form the ratio arms. One of these arms, or|
are variable. X is a resistor of unknown v
and R is a known resistor. G is the galvanor
and BA iz a battery of suitable voltage.
addition to the components shown in the diag
8 key or switch is in the battery branch o
circuit. A key, if present in the galvanor
hranch, ia nsually kept closed during mea
ments. A variable resistor or battery rheost
the battery branch serves to adjust the vo
across the bridge arms. A vollmefer acros:
hattery and the battery rheostat will indical
applied voltage.

When the battery and galvanometer key:
closed and the variable resistors in the &
arms are adjusted to reduce the current thr
the galvanometer to a minimum, the bridge 12
to be “balanced.” When the bridge is bula]

the value of X is given by the basic equation
, A
‘X -

. ol

This cyuation applies regardloss ol t.heg};g
locations of battery and galvanometer 48 ‘ng
the above diagrams. The choice of ,a”g 2
is determined mainly by the distribution 0
in thie aoms of the bridge. v m‘en‘,t 1Wmm
duces excessive heat in any branch will
accuracy of measurement. e use

The circuit arrangement generd ‘g o 1
measurements with a ratio set 18 show
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TIGURE 4. Four-terminal resistance.

two-terminally between e and {f, it includes the
resistance of the leads, ea and fb. However, if
current leads go through ¢ and d and potential
leads go through e and i, the measurement gives
the resistance between the junction points & and
b, regardless of resistance of current leads or
potential leads. The four-terminal measurement
is based on the fall of potential across R compared
with the fall of potential across a resistance
standard in series with R, with » constan¥ current
through the two resistors.

Four -torminal measurement is necessary in
testing laboratory instruments, such as Wheat-
stone bridges and poteniiometers, in which connec-
tion to & given resistor can be made only through
other resistors.

The resistance of the connecting arms of a re-
sistance stendard of small depomipation is pro-
portionally large compared with the resistance of
the element. Hence, standards of a nominal
value of 1 ohm or less are calibrated four-termi-
nally. The current leads of l-ohm standards
enter through the amalgamated terminals, a, a’,
and the potential leads are taken to the top
binding posts, b, B (fig. 3). The potential leads
for standards of smaller denomination go o extra
binding posts mounted on_the insulating cap of
the protective case with leads to the enclosed
resistance elerent.

The Nationsl Puresu of Standards usually
certifies the four-terminal values for standard re-
sistors of 1 ohm or less, the two-termiral values
for all others. The two-terminal values for 1-ohm
standards are certified only if they are Tequested.
Tn some testing proeedures, the twa-terminal value

of a 1-ohm standard may be required. The tw
termina) values of the NBS-type standards

recent manufacture are usually 40 to 50 micreh
greater than the four-terminal values. Howey
in different makes the difference between the ¢
values may be considerable. i the two-termp
value of 1-ohm resistor is not given, it may

measured readily with a Direct Reading Rg
Set. The method will be explamed in section &

4.3. Stability of Resistors

The value of o vesistor is not perfectly consty
It changes with time and with temperature; g
unsealed resistors, such as those in bridg
potentiometers, ete., sre affected by humidi
A severs shoek, sneh as a fall on the floor,
change the value of a resistor and impair
stability. Overloading may result in perman
damage. A load that does not exceed ¥ w
desivable. Howeves, 1 watt is usually a safe lo.
probably with a decroase of ascuracy.

Modern resistance standards are quite stal
Av snnual chenge of more than 20 ppm is
cessive. The average yearly chanpe of seve
hundred standards cabbrated at the Natio
Bureau of Standards was less than 10 pp
However, a stendard fhat has not been calibys
for several years cannot be relied on for prec
measurements.

The resistance standards maintained at
National Bureau of Standards are subject to o
smeall changes of temperature and are recalibra
regularly at 25.0 °C to the neavest part per milli
Well aged standards submitted to the Natio
Bureau of Standards usually are certified to
nearest 20 ppm at 25.0 °C. New standardsu
ally are certafied to 50 ppm.

4.4 Correction for Temperature

If & resistance standard is used at some tempe
ture other than the temperature at which it ¥
calibrated (25.0 °C), a correction must be appl
to its certified valne

Cotmponents of I-ohm, standard resistar of type used oi the Nationsl Bureou of Srondords
to wmeniacn the ohm.

Left to right: complete standard, top terminal assembly, outer wall, inner wadl, annealed resistance 0ol



TEMPERATURE, °C

figuRE 5. Temperature-resistance curve of mangansin wire.

The resistance of manganin wire increases as the
temperature rises until it reaches a maximum at
wme point between 20 and 50 °C (fig. 5). The
wsistance then decreases to a minimum as the
‘emperature rises, and then increases again.
Within the range of usual room temperatures, the
sistance may be accurately expressed by the
following equation:

By= B[l +a(t—25)+B8(—25).

¢l this cquation, £ is the temperature of the resistor
ind B, is its resistance at £ °C. Ry is its resistance
5°C. Alpha («) and beta (8) are its tempera-
e coefficients. The Bureau determines the
perature coefficients if they are requested.
They do not need to be redetermined because
sdmperature coefficients do not change appreci-
iily with age.
&The following example illustrates tho application
the temperature coefficients. The resistance
ertain standard is 100.006 ohms at 25.0 °C.
temperature  coefficients are  alpha=
00063 and beta=-—0.00000051. When
dumbers are substituted in the above equa-
the resistance at 20.0 °C, rounded off to the
St thousandth ohm, is found to be 100.002

need for the temperature correction is deter-
¥ the accuracy required and the tempera-~
which & test is made. In the above
the temperature correction for the resis-
1y temperature between 24 °C and 26 °C
a0 19 ppm.

ections and Supports for Standards

Iding posts on the lead arms of resistance
s of small denominatjons (1 ohm or less)
ed for potential leads in four-terminal
¢ The binding posts on the arm of

Sreater value may be used for connec-
W0 terminal measturements if high pre-
ot required or if the value of the resistor
Ough to make the contact resistance

@

FiGurE 6. Top of mercury stand.

negligible. For precision, standards should be
supported on a mercury stand to reduce contact
resistance to a minimum and to permit repetition
of the measurements within a few parts in a mil-
lion. Mercury cups, which are sometimes used,
are difficult to clean. A pool of mercury is un-
necessary. A flat amalgamated surface is quite
satisfactory.
5.1. The Mercury Stand

Figure 6 illustrates the arrangement of the
nickel-plated copper contact blocks and the bind-
ing posts of the NBS moroury stand. The blocks
are % in. square with a length of about 3% in. for
the long pair and 1% in. for the short blocks. The
upper surfaces are plane, clean, and well amalga-
mated. The spacing and the height of the sup-
porting posts permit resistors to hang freely
between the blocks. The blocks are effectively
insulated from the supporting posts which extend
upward from the base.

The mercury stand offers several advantages in
addition to its low contact resistances. Standards
may be quickly connected into a circuit, removed,
or interchanged. A connecting or shorting link
is useful to fill a gap in a circuit when a standard
is to be shorted out or removed. Standards on
the stand may be connected into two arms of a
bridge circuit. Two resistors may be placed in
parallel on the stand, or as many as five may be
connected in series. Two or more stands may be
connected by short leads between their binding
posts, or by shorting links.

A shorting link is a practical and essential acces-
sory to the stand. The link used at NBS is a
nickel-plated copper rod ¥ in. in diameter and
about 3}4 in. long with right angle bends which
space the ends 3 in. apart, center to center. The
ends are plane and amalgamated to make good
contact with the amalgamated surfaces of the
stand. A link of this description will have a
resistance of about 40 microhms.

5.2. Amalgamating Solution

Contact surfaces occasionally need to be cleaned
and re-amalgamated. A satisfactory amalgamat-
ing solution consists of:

1 oz water
3% 0z mercurous nitrate
% oz concentrated nitric acid.



Stir the mixture. If it does not become clear,
warm slightly. Some mercurous nitrate will pre-
cipitate when the solution cools. An added drop
of mercury will improve the keeping qualities.
The proportions in this solution may be varied
considerably. Caution should be observed in
handling nitric acid and poisonous compounds of
nercury.

The surface to be amalgamated should be clean
and free of grease and corrosion. After the
solution is applied, the surface should be washed
free of corrosive chemicals with water and a small
drop of mercury applied.

6. The Sensitive Galvanometer and Acces-
sories

6.1. The Galvanometer

Galvanometers used in direct current measure-
ments usually employ the D’Arsonval movement,
which consists of a movable rectangular coil sup-
ported in the magnetic field between the pole
pieces of a permanent magnet. A current through
the coil will produce a ‘‘turning force’” or torque
which will turn the coil about its vertical axis
until it is brought to rest by the opposing torque
due to the stiffness of the suspension.

Cowmmercial galvanometers are of many types
and models with different sensitivities suited to
specific uses. However, at the National Bureau
of Standards, only one type is used for resistance
measurements in testing resistors, bridges, poten-
tiometers, etec. Specifications for this type will
be given after the following description.

The moving element of the galvanometer is a
flat rectangular coil suspended between the soft
iron pole pieces, P, P’, of a permanent magnet,
PM, figure 7. The plane of the coil, at rest, is
parallel to the field of the magnet. A soft iron
core, C, is fixed inside the coil. The sides of the
coil are free to rotate in the narrow gap between

Ficure 7. The D’ Arsonval galvonometer movement.

the pole pieces and the core. This cond:
necessitates careful leveling of the galvanom
A small mirror, M, is attached to the upper
of the coil and rotates with it.

The upper suspension is a thin, narrow, co
ribbon between the supporting stud, A, and
coil. The upper suspension serves three purp.
(1) it supports the coil; (2) it serves as a cw
lead to the coil; and (3) 1t provides a rest
torque in opposition to any rotation of the ¢c

The lower suspension is a loose coil of
copper wire from the lower end of the coil
stud, B. It offers negligible opposition to
rotation of the coil and serves only as a cw
lead. The studs, A and B, are connected
binding posts.

A metal case encloses the instrument to g
the coil from air currents. A window in the
permits a light beam to be reflected from
mirror and affords a view of the coil, pole pj
and core. A lens of suitable focal length fo
the light beam on a scale. Leveling screws o
base can be adjusted so that the coil can n
freely in the narrow gap between the pole P
and the core. -

The torque which causes the coil to rotat
its vertical axis iz proportionsal to tho current
is directed clockwise or counterclockwise, dey
ing on the direction of the current. The opp
torque due to the twist of the suspension is
portional to the angle of rotation. The ¢
through which the coil rotates before it is bro
to rest by the opposing torque is proportion
the current. Oscillations of the coil about the
position can be controlled by suitable dam

When galvanometer deflections are read b:
use of a light beam reflected from a mirror
scale, small deflections on the scale are app
mately proportional to the current. 1 the
tance from the mirror to the scale is 100 crc
limiting deflection on the scale is 15 to 2(
depending on the accuracy required. How
resistance measurements are rarely made by
vanometer deflection. Resistance measuren
are usually made in & bridge circuit adjustt
obtain minimum deflection of the galvanot
A perfect zero deflection or “null” reading 0
galvanometer is frequently impossible. = -

The indicator is & narrow beam of ligh
flected from the mirror to a ground glass sc%;
8). The light source used at NBS is a S
flament lamp. These lamps arc rated "Lg
10 v; hence the line voltage must De s

LAMP FILAMENT

FicURE 8. Arrangement of lamp, miTom ar
Aecting galvanometer-



Jown by a transformer. A shield around the

jpmp allows the light to pass through a narrow

dit to the galvanometer mirror. A lens of suit-

.ble focal length focuses the reflected light on

o ground-glass millimeter scale. By adjusting
the distance from the mirror to the scale, or the
light svurce, or both, a sharp image of the lamp
glament may be obtained on the scale. The
image of the lamp filament is observed from the
opposite side of the scale. A standard distance
gom mirror to scale is 100 cm. With a lens of
reater focal length, a distance of 150 cm can be
“sed with satisfaction. In effect, the light beam
provides the rotating coil with a weightless point-
o about 200 to 300 cm long. ) '

The scale is of ground glass graduated in centi-
neters and millimeters.  The zero on the scale
nay- be at either end or in the middle. It is
1wt neceesary to set the ‘‘rest’” position of the
ndicator on the zero graduation of the scale.

The deflection from any “rest’”” position is readily

ained.

’ °b§f the galvanometer is used only as an indi-
ator, & very small deflection is sufficient. If
jowever, an interpolation is to be made, or a
neasurement is to be made by galvanometer de-
foction, the deflection must be large enough to
be read accurately. -

" The specifications for a sensitive galvanometer
wually include: (1) sensitivity, (2) CDRX, that
®“eritical damping resistance external,” (3) peri-
t, and (4) coil resistance.

. The following specifications are from the mak-
i's label on one galvanometer used at NBS for
‘hsistance measurements:

(1) Sensitivity: 0.08 microvolt/millimeter

(pv/mm)
(2) CDRX: 50 ohms.
(3) Period: 8.8 sec.
‘4) Resistance: 17.6 ohms.

2h8 specifications will differ somewhat for each
vanometer. A repair or replacement of a
3 ;fnsion will change its specifications somewhat.

ercent in the other constants are usually
table.
e sensitivity given above is the voltage sensi-
Evidently the voltage across the galva-
fer branch which will produce a deflection of
Wision on the galvanometer scale (or the
' of scale divisions of defleetion causcd by
volt (uv)) will depend on the resistance of
toutt.  Hence, the sensitivity can be speci-
Or & given resistance in the galvanometer
or sensitive galvanometers, American
clurers generally specify voltage sensi-
microvolts per millimeter when the exter-
ance in the galvanometer circuit is equal
X with the seale 100 em from the gal-
The above specification of voltage
means that with a resistance in the
eler circuit of 67.6 ohms (CDRX plus
eler resistance), 0.08 v will produce a

=

¢ sensitivity is adequate, variations of 10 to

deflection of 1 mm on a scale at a distance of 100
cm from the galvanometer. Note that the smaller
the fraction of a microvolt, the greater the
sensitivity.

The sensitivities of the galvanometers used for
resistance measurements at the Bureau are usually
expressed in millielers per wicrovolt at a scale
distance of 150 em. The increased scale distance
gives larger deflections, and the reflected light spot
on the ground-glass millimeter scale is still bright
enough to be readable in adequate room lighting.
The above sensitivity would be 1/0.08, or 12.5 mm/
wv at 100 cm and it would be about 18.8 mm/uv
at 150 cm. Note that, expressed in this way, the
larger the numerical expression of sensitivity, the
greater the sensitivity. This seems like a logical
way of expressing sensitivity.

The term “sensitivity” is often used loosely
in the sense of “readability.” The sensitivity Jde-
pends upon certain characteristics of design. As
long as none of these characteristics are changed,
the specified sensitivity remains fixed. If a very
small current through the galvanometer does not
give an observable deflection, a larger current may
give a readable deflection. The sensitivity has
not changed.

The accuracy of resistance measurements may
be adversely affected by either too low or too high
a sensitivity. Suppose a galvanometer of low
sensitivity is used with the Direct Reading Ratio
Set to measure a resistance. To got cnough cur.
rent through the galvanometer to obtain an observ-
able change in the deflection for a change of one
step on the lowest dial of the ratio set, it may be
necessary to increase the voltage across the test
circuit until excessive current raises the tempera-
ture, resulting in incorrect results or even damage
to the equipment.

On the other hand, too high a scnsitivity ie ac-
companied by a slow movement of the galvanom-
eter coil, which makes reading tiresome. Of more
importance is the fact that the greater the sensi-
tivity the more the galvanometer is affected by
thermal emf’s, which may make accurate readings
difficult or, in extreme cases, impossible. A sen-
sitivity between 10 and 30 mm/uv at 150 cm has
heen fonnd generally satisfactory for resistance
measurements. i

The CDRX is the resistance in the galvanometer
circuit, in addition to the galvanometer resistance,
which will cause the galvanometer to complete a
deflection and stop without oscillation. This
condition is known as critical damping, which
will be discussed in section 6.2. The CDRX is
usually several times the galvanometer resistance.

The period is the time required for the un-
damped coil to make one complete oscillation.
If a small current is sent momentarily through
the coil and the cirecuit immediately opened, the
coil will oscillate freely until the oscillations die
out due to the damping action of the air and the
molecular friction in the suspensions. The time
required for the coil to move from one extreme
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position to the other, then back to the first, or,
the time from the rest position to one extreme,
then to the other extreme, and back to the rest
position is the period. About 5 to 10 sec is
generally a satisfactory period for a sensitive
galvanometer.

The galvanometer resistance is the resistance
of the coil and its suspensions. It is generally
less than the CDRX.

As has been stated, galvanometers of the same
type will wvary in their specifications. The
following table gives the range of specifications
for different sensitive galvanometers used in the
resistance and reactance laboratory at the Bureau.

Sensitivity: 10 to 30 mm/uv at 150 cm.
CDRX: 40 to 80 ohms.

Period: 5 to 10 sec. :
Resistance: About 15 or 20 ohms.

6.2. Damping

If a momentary emf is applied to a galvanometer
and the circuit immediately opened, the coil will
oscillate freely as a torsion pendulum. The
period for a sensitive galvanometer will probably
be between 5 and 10 sec. The oscillations
will be “damped,” that is, they will gradually
decrease, due to friction with the air and molecular
friction in the suspension, until, after scveral
oscillations, the coil will come to rest. If the coil
is part of a closed circuit, the oscillations will
die out more quickly due to the damping effect
caused by the rotation of the coil in a magnetic
field. The degree of damping will depend upon
the resistance of the circuit, including the galva-
nometer resistance and the resistance of the
external circuit. For each galvanomeoter, there
is a Critical external damping resistance (CDRX).
With critical damping, the coil swings to its steady
position and stops without oscillation. With
wnder-damping, the coil may oscillate bofore it
settles to a steady position. With over-damping,

4
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N

FieurE 9. Connection of damping resistor in galvanometer
circust.

8

the coil is sluggish and the reading time is -
longed, until the coil completes its deflection.

For a damping resistor, a dial box with a ra
of 100 ohms in 10-ohm steps is usually adeqn
This may be connected into the circuit wit
double-pole double-throw switch as shown
figure 9. With the blades of the switch in
upper position, the variable resistor is in par
with the galvanometer and, with the blade
the lower position, the resistor is in series in
circuit.

Practically, the best damping is little less {
critical. The galvanometer “overshoots” slig
and settles back to its final position. The rea;
time is not excessively long, while the overs)
and return of the galvanometer tn its final v
assures the observer that the coil swings fr

Usually, the experimenter will find the dam'
best suited to his work by trial and error. E
ever, a knowledge of the critical external dam
resistance of the galvanometer and of the re
ance of the apparatus in the circuit may
some needless trials.

For example, the CDRX of a certain galvar
eter is 50 ohms. If the circuit external to
galvanometer has a resistance of 50 ohms,
galvanometer is critically damped. If the exte
resistance 1s less than A0 ohms, the galvanow
is over-damped. Additional resistance in seri
the circuit 1s needed. If the external resistan
more than 50 ohms, a parallel resistanc
required. In either case, the effective sensiti
is reduced.

During use, it is preferable that the galvar
eter circuit remain closed. That will, to.s
extent; damp ascillations due to vibration c
other extraneous sources, and will eliminate
mal emf’s introduced by closing a switch in
galvanometer circuit.

6.3. Some Sources of Trouble
6.3.a. Temperature

Variations of temperature affect not only
galvanometer, but every branch of the circu
which it is a part. The laboratory should t
a constant uniform temperaturs, free from dr
When the battery key is closed, heat is prod
in the circuit in proportion to the square ul
current, the resistance of the circuit, and the
of current flow. Hence, the emf of the bal
should be only large enough and the key shoul
depressed only long enough to get a def
reading on the galvanometer scale. When Ir
urements are made with a potentiometer, &
stant current is required in the instrument.
that case, the current should flow long enoug
establish a stable heating condition in the pot
ometer circuit.

6.3.b. Thermuelectuoinotive Foreco

If two conductors in a circuit are of diffe
composition and the temperature at their Jub¢
is different from the temperature at other P'



n the circuit an electromotive force will be
roduced. To minimize these thermoelectromo-
tive forces, only copper lead wires should be used,
and precautions should be taken to maintain
gniform temperature throughout the cireuit. The
heat from a hand resting on an instrument panel
will sometimes produce an erroneous deflection of
the galvanometer.

6.3.c. Vibration of the Galvanometer Support

The sensitive galvanometer is quite susceptive
to vibration. Running machinery in the building,
g heavy truck on the pavement near the labora-
tory, strong wind gusts against a wall on which
the galvanometer 1s mounted, or even an earth-
uake some thousands of miles away, may disturb
the sensitive movement. The instrument should
be mounted on the steadiest support possible.

6.3.d. Magnetic Disturbances

The galvanometer is sensitive to the magnetic
fields of nearby motors, generators, etc.

6.3.e. Continuous Small Oscillations

After major disturbances have been reduced to
o minimum thera may still persist oscillations of
small amplitude of unknown cause. They make
it difficult to determine the “zero” or rest position
o the galvanometer scale, and also, to ¢btain an
securate reading of a deflection.

6.3.f. ““Zero Drift”’

After a deflection, the galvanometer may not
return to its initial rest position. -This shift of
%ro may be negligible if the deflection is small.

Another type of zero shift is a continuous slow
drift in one direction or the other,

6.3.g. Reactive “Kick”

When & circuit which contains one or more
nils of wire is closed or opened, an instantaneous
mf, which either aids or opposes the impressed
enf, is produced in the coil. The resulting surge
Sewrrent gives the galvanometer a temporary de-
flection different from the deflection produced by
vsteady current. The effect will be especially
loficeable in resistance coils of large denomina-
Jlon, Tt is important to recognize the “kick’” and
0 allow the galvanometer to settle to a steady
slate before taking a reading.

6.4. The Reversing Key

6.4.a. Advantages

Useof g reversing key reduces some of the errors
%%?ﬁmg from disturbances listed above, eliminates
F os.  After a deflection has been read, the current
%n“‘}gh the bgidgﬁ) is iumwdiately resjersed and
;. 0e deflection in the opposite direction is read.
by spread” between the two deflections is
“ea single deflection. Any error in reading is

&P

proportionately reduced. The deflection is dou-
bled, but errors due to thermal emf’s, zero drift,
etc., are not increased. If there is a steady drift
of galvanometer zero, it is in the direction of one
deflection, opposite to the other. The same is
probably true for deflections due to thermoelec-
tromotive forces. The effect of persistent oscil-
lations of the galvanometer may be reduced by
making several reversals which are not coincident
with the oscillations and using the average of the
double deflections.

6.4.b. Design

Figure 10 represents, in a somewhat simplified
form, the essential elements of a reversing key.
Two keys of spring brass or phosphor bronze, A, A,
are fastened to an insulating base at B, B. The
spring strips or keys pass under a yoke, C. Ad-
justing screws pass through the yoke to make con-
tact with the springs. At the free ends of the
springs are buttons of insulating material, D, D,
for depressing the keys with the finger tips. When
the keys are depressed, they make electrical con-
tact with the studs, E, E, in the base. Binding

BATTERY

BRIDGE

\ N\ N\

oo

&T\\]g\\\\% at B &\\\&\ﬁ .

Fraure 10. Reversing key.
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Freure 11B. Wiring diagram of battery box.

posts for battery and bridge connections are pro-
vided as shown. The conducting wires beneath
or within the base are shown by broken lines.
‘Wires from one pair of binding posts go to the
spring strips. One binding post of the other pair
is connected to the yoke, the other is connected to
both contact studs m the base.

If the battery is connected to one pair of binding
posts and a bridge or other apparatus is connected
to the other pair, there will be no current as long
as both keys are up in contact with the yoke, nor
when both keys are depressed. If one key is de-
pressed, current will flow through the apparatus.
If the first key is released and the other key is
depressed, current in the apparatus will reverse.

It does not take a great deal of mechanical skill
to build a key similar to the one described. Tt
has the decided advantage that it may be tapped
lightly to check on the proper functioning of the
apparatus with which it is being used.

6.4.c. A Convenient Battery Box

The battery box illustrated in figures 11A and
11B combines the reversing key, battery, variable
resistor, and voltmeter in one compact unit. The
unit illustrated uses a lever-action, 2-pole, 3-
position, spring-return switch wired to make a
reversing key which will fit into the limited space
ona4in, x 101in, panel. Byincreasing the length
of the panel and box, a tapping key of the type de-
scribed above may be used instead of the lever
action switch. The battery consists of two 6-v dry
batteries in series. The battery switch is a single-
pole, single-throw, toggle switch. The variable
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resistor of about 2 000 ohms is the rotary ¢
commonly listed among radio parts as a “poi
tiometer.” Tt serves as a “voltago divider” to;
ulate the voltage at the binding posts. The m.
is a high-resistance voltmeter.

7. Miscellaneous

7.1. Absolute Ohm Versus International Ohm

Electrical units are defined in terms of
fundamental units of length, mass, time, an(
permeability of free space. Since the “absol
electrical units originally chosen were not
magnitude suitable for practical measnrement
set of practical units related to the absolute y
by a simple factor was required. Prior to 14
the practical unit of resistance was the Ing
tronal Ohm, which was defined in terms ¢
“reproducible standard” as the resistance at (
of a column or thread of mercury of unif
circular cross-section and specified length
mass. In 1948 the International Ohm was
carded by the national standardizing laboraic
and was replaced by a unit very accurately de
mined in terms of the defining units of len
time, and permeability. Such a unit is m
tained by groups of wire-wound resistors
stability of which is checked by repeating meas
ments in terms of the defining units. Nati
laboratories use essentially the same unit wl
they check against one another through the In
national Bureau of Weights and Measures.

The absolute determination of the ohm requ
highly skilled techniques and months of ted
work with very special apparatus. Hence,
determination 1s made at rather rare intem
In this country the ohm is determined by
average value of the resistance of ten Thomas-t
1-ohm resistance standards at the National Bul
of Standards, specially constructed and m
tained to insure a very high degree of stabl
This value is compared with the absolute dete
nation as often as required. .

Resistance measuring equipment which
made before 1948, and calibrated in Internat¥
Ohms, when recalibrated in Absolute Ohms;
have corrections about 0.05 percent larger.

7.2. Algebra of Small Quantities

There are no exact measurements. 1D
measurement may be accurate to better b
part per million, it is, nevertheless, appré
Some mathematical operations may bff 4
mate, yet accurate, if the results are as © “
exact value as can be expected from the X
ments on which they are based.

Consider the product,

(14a0) (1+b)=14a+b+al

If ¢ and b are each less than O'Oofé}r tq
ab, is less than 0.000001. Hence,



of @ and b, the approximation,
(1+a)(1+b6)=1+a+0,
i« accurate to better than one part per million.

The same principle applies to the following:

1 _ 2. n3
l+c_1 ct+c*—ct+ . .. ete.
1 ¢ is very small, the terms c%, ¢, ete., that is, all
wrms above the first degree in ¢, are negligible.
An accurate approximation is then

1
m =]-c.
Likewise,
%———’1:—%': 1-+a—>b, approximately,

ad
A(l4a) A
B(1-+b6) B

Suppose that A and B are the nominal values of
the ratio arms of a Wheatstone bridge and that
¢and b ave their respective corrections in pro-
‘prtional parts. Let A4=1000, B=100, a=-+
000003, and b=+4-0.00002. Then,

A(l+4a) _ 1000(10.00003)
B(46) 100(110.00002)

=10(1-0.00003-0.00002)
=101.00001
=10.0001.

Lompare this result with the following result
biained by long division:

A(l4a) 1000.03
B(1+0) 100.002

¢'the values of the ratio arms are certified
he nearest part per hundred thousand, the
s rounded off to 10.0001.
he preceding method of approximation may
sed to find the correction in parts per million
ominal value of n resistors in parallel.
simplicity, the problem will be limited to
[-nrﬁsmtors each with a nominal value, 7
Bl corrections ¢, ¢y, and ¢, respectively.

(1+a—Dd).

=10.0000999+.
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A=t l—g b 1—gy)

1

—_—

3‘(E‘+62'I 3)]
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_atede .
! \‘32‘~ﬁ>: approximately,

%%%%\3

Let
e+e +03—"——C

v
)

Then,
oL
1—¢

~

1.3 r
=, (1—¢), and R= =3 (1+0).

wl

The correction to the nominal value, 7/3, of the
three resistors in parallel is

C:Cl+02+ﬁs'
3

Extension of this method to n resistors gives

c:C1+02+03+ — +Cn'

n

7.3. “Rounding Off”’ Numbers

The result of a measurement usually will include
one or more uncertain digits. The doubtful digits
are partly the result of probable errors in calibra-
tion, partly the result of limitations to the accuracy
of the calibrated instrument in use. Hence, one
or more digits are dropped from the results of the
measurement.

The following rules for ‘“‘rounding off”” numbers
are suggested. The five-digit examples are round-
ed off to four digits. No decimal point is shown
in the examples. If the decimsal follows the digit
to be dropped, then the dropped digit is replaced
by zero.

Apparatus for evaluating o I-ohm vesistor in lerms of a
computable capacitor and frequency.

This gives its value in terms of length, time and an assamed value for the
permeability of free space, in accordance with the definition of the ohm.
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afficient care). They can and should be elimi
ated by adequate checks. . )

For this discussion, it is convenient to classily
cors as of instrumental origin ov of personal

gln.
'lygior illustration of an instrumental error, assume
\at & certain steel tape is 1 percent too long. No
atter how many measurements are made with
there is always an instrumental error of -1
‘rcent. The error is also cumulative. If the
pe is used (without correction) to lay off a line
0 ft long, the true length of the line is 101 ft,
d the error is 1 ft. 1If it is used to lay off a
e 1000 £t long, the actual length of the line is
110 ft and the error is 10 ft.
Personal errors (not mistakes) are largely due
limited powers of observation, as for example,
sual acuity. Say an experienced observer must
ke an accurate measurement of t}ge diameter
o circle using a steel scale with decimal gradu-
ons. He will probably estimate a fraction of
, smallest division on the scale and determine
salue to 0.001 in. Since the resolving power of
shuman eye is about 0.003 in. (2 hair’s breadth),
measurement may be in error by that much.
he makes several unprejudiced measurements,
wlly some of his errors will be positive, some
wiive. The average result of several trials,
n, may be accepted as probably more reliable
1 & single measurement.
‘Multiplying” devices have been designed fto
end the powers of observation. In the field
visual observation, there are vernier scales,
rometers, measuring microscopes, etc. A beam
ight reflected from a mirror of a galvanometer
mifies an almost imperceptible rotation of the
into an easily readable deflection on the scale.
hough refinements in equipment and measuring
mniques have reduced tolerances in gsome cases
ost unbelievably, the result of a measurement
il limited by the accuracy of observation.

7.6.b. Mistakes

listakes may be made in taking a reading,
wding a reading, in copying data, or in making
Dutations.
mistake may result from “prejudice.” An
Derienced cbserver, especially, may report the
th of a line as 10.00 cm because he expected
!be 10.00 cm. However, the length of the
Inay have been slightly short of 10.00 cm,
1 be should have observed and reported the
112 9.99 cm. Instead, he read on the scale
oncewved notion rather than an accurate obser-
Y Accuracy in reading scales depends on
ludiced judgment as well as visual acuity.
O an instrument is calibrated, at least two
ould be made, preferably by different
- Say the instrument is & potenti-
0 be calibrated with a Universal Ratio
ter the first, trial, the connections of the
gter to the Universal Ratio Set should
5 for the second trial so that the readings
Scond test will not duplicate those for

the first. The results of the two tests should
agree within reasonable tolerances. y excessive
disagreement between two results for the same
dial setting on the potentiometer indicates a mis-
take. If the mistake is not found in the compu-
tation, measurement should be repeated.

If a bridge is calibrated, a different set of
resistance standards should be used for each of
the two trials. As in the preceding case, discrep-
ancies in the results of the two tests, in excess of
reasonable tolerances, indicate mistakes. HHow-
ever, unsatisfactory results for every step on the
same dial of the bridge may indicate a faulty
standard resistor.

If interpolation is necessary, great care is neces-
sary to avoid mistakes. If corrections to dial
readings on the ratio set are required, attention
must be given to the algebraic sign of each correc-
tion and the correction must be added algebraically
to the dial reading. Corrections should not be
confused with errors. They are of opposite alge-
braic sign. A mistake in an algebraic sign is a
200 percent mistake.

Observations should be entered directly in the
laboratory notebook, not made on a scrateh pad
to be copied later.

Another mistake to be avoided is Imisplacing
the decimal point. An engineer, when he saw the
collapse of a bridge that he had designed, is said
to have exclaimed, “There goes my decimal point!”
Figuratively, many bridges have failed because
of a misplaced deciinal point. Computations need
to be checked and rechecked, preferably by
different persons.

After mistakes have been eliminated, thers
remain the indeterminate errors. . The last digit
of a resistance measurement is usually uneertain.
In some cases, additional digits are meaningless.
Therefore, the measurement 1s rounded off to the
last significant figure.

8. The Direct Reading Ratio Set. Its Use in
Resistance Measurements With a 1:1 Ratio

8.1. Basic Circuit, Connections, and Precision

As was stated at the beginning, the Direct
Reading Ratio Set is used at the National Bu-
reau of Standards for a large part of the measure-
ments of d-c¢ resistance. The Direct Reading
Ratio Set (or DRRS) is designed to measure, with
great accuracy, a difference of not more than 0.5
percent in the resistance between two resistors.
The essential panel features of the set are shown in
figure 13. A schematic representation of the cir-

Ficure 13. Four-dial Direct Reading Ratio Set.
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1. If the digit to be dropped is less than 5,
leave the digit o its left unchanged.
Hxample: {7 643 is rounded off to 8 764.
2. If the digit to be dropped is greater than 5,
increase the digit to its left by 1.
Frample: 38 927 is rounded off to 3 893.
47 698 is rounded off to 4 770.

3. If the digit to be dropped is exactly 5, make
the digit to its left the nearest even number.
Example: 52 525 is rounded off to 5 252.

52 535 is rounded off to 5 254.
“Odd” may be substituted for “even’” in rule 3,
but one or the other usage should be followed
consistently.
7.4. Interpolation

The use of a three-dial Direct Reading Ratio
Set or a five-dial Universal Ratio Set requires
interpolation of the last digit of a reading when
that accuracy of measurewwent is required. Tox
example, the dials of the DRRS in figure 12 show
only three digits of the reading, hence the last
digit is zero, if readings are expressed as parts per
million. The reading is § 370. Suppose that at
this setting of the DRRS, the galvanometer
deflection is 8.3 scale divisions and that the direc-
tion of the deflection shows that the reading is
too small. Also suppose that when the third dial
is advanced to 8 (reading 5 380), the deflection is
11.8 divisions in the reverse direction, showing
that 5 380 is too large. One step on the third dial
corresponds to 8.3+11.8=20.1 scale divisions
of galvanometer deflection. Also one step on the
tl}ird dial is equivalent to 10 units in the fourth

ace.

P A reading of 5 370 corresponds to a deflection
8.3 scale divisions too small. Therefore, it is
necessary to add to the fourth place of that reading
8.3/20.1X10=4 DRRS units; 5 370-}4=>5 374,
the corroct DRRS reading.

The interpolated digit equals

Deflection at lower setting of dial
Deflection at lower setting + Keverse deflection at’
hagher setting

multipled by 10, the number of units in the inter-
gplixted place equivalent to one step on the lowest
IT:Y '

Figure 12. Three-dial DRES.

Interpolation is necessary to give the fourth place.
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7.5. Extrapolation

Extrapolation differs {from interpolation in t}
it is used to determine a value outside the rap
of an instrument scale instead of a value betwe
two scale readings. It may be used to extend {
scale al either end, either below zero or beyo
the highest reading, by a small amount. Extfa]
lation is rarely necessary. It is as simple
interpolation, but, nevertheless, may be somew}
puzzling.

The zero of a Mueller bridge may be negati
Suppose that a trial shows that the galvanome
deflections increase to the right as the dial setty
of the bridge are increased; that is, the galvang
eter is connected to the bridge so that a def]
tion to the right indicates too much resistance
the bridge circuit. Also, suppose that with
dials on zero, the deflection is 10.5 gcale divisi
to the right. The lowest dial is then advan
one step, to a reading of 0.0001 ohm. Supp
that the deflection now is 15.7 scale divisiong
the right. Then, 15.7—10.5=5.2 scale divisi
correspond to vue step on the lowest dial. Hep
the deflection of 10.5 scale divisions when -
bridge reads 0.0000 corresponds to 10.5/5.2:
steps on the lowest dial. Since the bridge res
ance was too large with all dials on zero, the 2
for the bridge is —0.00020.

(Note: The Mueller bridge has an N cire
and an R circuit. The zero may be negative
either or both.)

It is rarely necessary to extrapolate beyond -
top reading of an instrument scale. It may
desirable to extrapolate to avoid resetiing
dials to give a higher rcading which would invo
changes in dial corrections. This situation is)
likely to occur with modern precision equipme

Suppose the galvanometer deflection for |
top sctting of the diale of an instrument is # ¢
that the deflection when the lowest dial is
back one step is s;. Then s,—s; is the deflect
which corresponds to one step on the low
dial, and

St
S8

is the fraction of a step in excess of the higl,
reading on the dials. Therefore,

$1
82— 8

10

is the extrapolated digit.

7.6. Errors Versus Mistakes

7.6.a. Errors

An error is a deviation of measurentel
the exact value of the quantity I'Twasf‘)
are unavoidable, but are reducible ye.
ments in equipment and measuring 5

Mistakes are due to carelessness (that !
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Frqure 14. Ratio arms of DRES.

cuit is given in figure 14. The binding posts, A
and A’, are at the left end of the variable resistor,
AC. They are in duplicate so that two connections
need not be made to the same binding post. Also,
duplicate binding posts are at the right end of the
fixed resistor, CB. The end binding posts may be
marked as battery posts. Connected to the junc-
tion between the variable resistor and the fixed
resistor is the binding post, C. It may be labeled
G for galvanometer. The AC and the CB arms
of the set are used as the ratio arms of a bridge
circuit with a ratio of approximately 100:100 which
is the same as 1:1. Since, in a Wheatstone bridge,
the connections of the galvanometer may be inter-
changed with those of the battery, C may be used
for a battery connection and the galvanometer
may be connected to the end posts. In some
cases the choice of connections is optional. In
others, it is determined by the need to avoid
excessive current in some branch of the circuit.

The fixed arm, CB, has a resistance of 100 ohms.
The variable arm, AB, has a range from about
99.5 ohms to about 100.5 chms.

An additional binding post, D in figure 13, if
included on the panel, is connected into the CB
arm to provide a resistance between C and D of
10 ohms. The use of this binding post instead ‘of

i;_‘
~—1 00 EB A) O——
A A c 8 &
- (3)— J
I\
Fieure 15A, Connection of DRRS for resistance by
substitution.
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B provides a ratio of approximately 100:10, thg
18 10:1.

The panels of commercial ratio sets may hay
switches and additional binding posts. The man
ufacturer’s instructions will identify the differe
elements of the set. In the absence of instryc
tions, the circuit may be traced with a simpl
tester (volt-ohm-meter). The discussion to folloy
will be based on the above diagrams.

The resistance of the variable arm is adjuste
by four dial switches (three dial switches for thre
decades in older sets). The first dial, left, change
the resistance of the arm 0.1 ohm per step. T},
changes per step of the other dials are, in orde
0.01 ohm, 0.001 ohm, and 0.0001 ohm. Accor
ingly, the dials on some sets are marked in tepy
of the change in resistance per step, that is, X0.
X0.01, etc. On other sets, the dials are labgle
X1 000, X100, X 10, and X1. The latter mas
ing conforms to the use of the set to measurs t
difference in resistance of two resistors in parts pe
million of their nominal value. With the old
three-dial sets, it is necessary to interpolate
fourth place for the same precision.

The contact resistance of a dial switch may 1
of the order of 0.001 ohm. However, any e
in measurement with a high-grade Direct Readir
Ratio Set due to switch-contact resistance is ne
Iigible, due to an ingenious arrangement of t}
circuit as explained m NBS Circular 470. Tt
circuit arrangement also minimizes effects of e
rors in the resistance of the coils in the set. Tt
result is that the instrumental error for any rea
ing of the dials need not exceed 5 ppm and t!
error in the difference of two readings, if il
X1 000 dial has not been changed in taking t
readings, need not exceed 2 ppm, when comparit
nominally equal resistances.

8.2. Resistance by Substitution

Let X be a resistor of unknown value, and §
calibrated resistance standard of the same Dor
inal value as X.

o 1
Fraure 16B. Schematic diagram of figuré



In figure 154, the letters A'A, C, BB’ represent
the binding posts of a Direct Reading Ratio Sct
g5 in the preceding diagrams. $ is the standard
mounted on the mercwry stand.  The “dummy,”
Dis a standard resistor of the same nominal
Jalue as S, also mounted on the stand, The
Jummy is necessary to balance the cireuit, but
its exact value does not enter into the measure-
ment. 'The schematic diagram of figure 15B
shows that the cirewit i a Wheatstone bridge
aetworl.  With the battery key closed, the
bridge is balanced by adjusting the dials on the
DRRS until there is no deflection (or minimum
{eflection) of the sensitive galvanometer. When
the bridge is balanced, the reading of the dials of
the DRRS is rocorded ac Rdg:.
i then replaced by the unknown resistor, the
hridge is again_balanced and the reading of the
dials 35 ecorded as Rdg,.

1t ¢, is the correction in parts per million to the
sominal value of the standard and ¢, is the cor-
rection to the nominal value of X,

e;=Rdg,~Rdgi+0s.

All guantities in equations and formulas are
wed algebraically; hence, aitention must be given
to algebraic signs.

Note that the resistance of the unknown is
not directly measured.

Rdg,~Rdgi=c,—¢.

This Tesult s the differenve o parts per mithon
hetiveen the resistance of the unknown and the
msistance of the standard.

The method of “resistance by substitution”
w8 used in the following example: X was a
100-0hm” resistor, the exact value of which
s unknown. Hence, the pominal values of
%%,-‘dmxmy and the resistance standard were
Gk 100 obms. The exact value of the dummy
3 not needed. The value of the standard was
iniified as 99.997 ohums, with a probable accuracy
£0.002 percent. Then the correction, ¢, for
' egtandéurd was —0.003 ohm, or, in proportional
Bacts *TO((?: —0.000030 of its nominal value

8230 ppm, aceurate to 20 ppm.
Reading for X, Rag,
Reading for S, Rdgf

Rdgr*Bdg;
Correction for S, ¢,

Correction for X, ¢

5396

5347

+49 ppm
~30 ppm
+19 ppm
Mlistance of X 100.0019 ohms -+ 20 ppm.

té‘m% of X was reported as 109,002 ohms.
o d‘lf 2 percens in the difference of the
iy, e . the above example would

~0 a0 error of only one part per million

The etandard

()
oS

TFicure 18, DRES conneclions jor resistance by the inter-
change method.

in the measured value of X. The accuracy of
the method lies in the measurement of small

differences of ratios instead of direct measurement
of ratios.

8.3. Resistance by the Interchange Method

In figura 16, X is a resistor of unknown value,
and S it e stemdard of tho same nominal value.
Both are mounted on amercury stand with connec-
tions to 2 DRRS as shown. Let Rdg; be the read-
ing of the dials of the ratio set when S is on the
left. After the positions of S and X are inter-
changed, Rdg; is taken. If ¢; and ¢. are the cor-
rections i parts per million for the standard and
the unknown, respectively,

Gz:Rng 5 Rldglh(_cs’
This maethod is satisfactory if the standard and the
unknown do pot differ by more than €.1 pereent,

Example: X is an unknown of approximately
1 000 ohms resistance; S is a 1 000-obm standard
with a eorrection of +87 ppm. Rdgi=5 476;
Rdg,=4 $98.

48985476

& 5

4-87=-—202 ppm.

202 ppm of 1 000 obms=0.000202X1 000==0.202
obim.,
X=1 000.000—0.202=909.798 ohms.

The result is rounded off to X=999.80 ohms.

15
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Ficure 17. Four-ferminal measurement with the DRRS.

8.4. Comparison of a Four-Terminal Resistor with a
Two-Terminal Resistor

This method is important in testing laboratory
apparatus in which two of the connections to a
four-terminal resistor can be made only through
other resistors.

In Figure 17, let X be a resistor, the terminals
H and K of which are not available for external
connections. The available terminals are the
binding posts P, Q, M, and N. Hence, X is a
four-terminal resistor. Current leads are taken to
the binding posts P and Q, potential leads go to
the binding posts M. and N.  ‘T'he potential leads
may pass through considerable resistance. The
terminals H and K of the resistor X, are the junc-
tion points of current leads and potential leads.
The resistance is measured between these
junctions.

S and L, on a mercury stand, are respectively a
standard resistor of the same nonimal value as X
and a link.

‘With S on the left of the stand, L on the right,
and the battery lead clipped to the potential point,
M, Rdg: is taken on the DRRS. After exchanging
places between the standard and the link and clip-
ping the battery lead to N, Rdg, is taken. If ¢,
and ¢, are the respective corrections to the nominal
values of the standard and the unknown, and L is

16

the resistance of the link expressed in parts P
million of the same nominal value,

e=RleRie .

Unless the resistance of the link is quite large (1(
microhms or more), the last term in the preced;
equation is usually negligible for nominal valy
of X in excess of 10 ohms.

Ezample: Nominal value of unknown 100 oly
Nominal value of standard 100 o}y

Correction for standard  —35 pp;
DRRS, Rdg; 5485

In this case, the correction for the link is neg
gible.

[4 RQ__. 5
CZ=Q—M§+ (—35)=—>51 ppm

51 ppm of 100 ohms=0.000051<100=0.0051 oh
X—100.0000—0.0051=99.9949 ohms.

in general, the last digit may be considered unce
tain, hence the reported value is 99.995 ohms.

As noted above, the correction for the link,
in the above equation, is in parts per miltion of t.
resistor with which it is used. If the resistance
of the link is 40 microhms, it is 40 ppm of 1 ob
4 ppm of 10 obms, and a negligible 0.4 ppm
100 ohms.

8.5. Approximate Measurement of a Small Resistat

A resistance element of very small value may.
measured approximately with the Direct Readi
Ratio Set in the circuit of figure 18. Two stal
-ards, S, S, of the same nominal value, are moun
on the stand, one on each side of the unknown,,
If X is a resistor that can not be mounted on;
middle blocks of the stand, it is connected tof
binding posts by the shortest possible 19,32
Potential points are taken at a and b as showh
the diagram, and current leads from the ratigs
go to the outer terminals of the standards. 1
ings are taken on the DRRS with the potei
lead first at a, then at b.

x-Rde-Rdag

(Rdg;—Rdgy)/2 is in parts per milliom

The least value of the standards is 3) )
the resistance of X, which shuuldb :S
exceed 0.25 percent of the value of t o
The method is approximate but suthic
rate for the small resistances for which 1!




——

fioerE 18, Measurement of a small resistance with the
DRRS.

wsed. S in the above equation is the nominal
salue of the standards.

The following exaraples will illustrate some
applications of the method:

{1) To find the resistance of a shorting link.
The resistance of thelink described i section 5
sless than 0.25 percent of 1 ohm (less than 0.0025
ohm). Hence, 1-ohm standards should be used.
Readings taken with a similar link were:

1st reading, Rdg,
2d reading, Rdg,

5438
5514

A P -4
5514—5 438___38
2
38 ppm=0.000038 < 1 ohm=0.000038 ohm=
38 microhms.

_x&;@)_'l‘o find the lead and contact resistance of

ferheostat arm of 2 Wheatstone bridge.

hj,cﬁS_resmtance will probably exceed 0.005 ohm,

i 15 greater than 0.25 percent of 1 ohm, but

N e:%thau 0.25 percent, of 10 ohms. Ten-olm

Egs oiaSDY_\l’{ereQused to obtain the following read-

e 1, RS for the lead and contact resistance
Theostat arm of a Wheatstone bridge:

Rdg; 4 224
Rdgz 5617
56174224
\?2696 ppul

0000696 10 ohms—0.00696 ohm

Freure 19A. Four-terminal one-ohm standard.

8.6. Determination of the Two-Terminal Resistance of
a 1-Ohm Standard When Its Four-Terminal Value
Is Known

The NBS certificate usually gives only the four-
terminal value of a 1-chm standard. In some
resistances measurements, the two-terminal value
is required. When the four-terminal resistance
is known, the two-terminal value can be deter-
mined readily with the Direct Reading Ratic Set.

In figure 19A, the plane coniact surfaces of the
resistor arms which rest on the mercury stand are
designated a, a’, and the binding posts at the top
of the arms, b, /. The standard which is to be
tested is mounted on the middle blocks of the
stand with another 1-ohm standard (a dummy) on
the left and a link on the right, figure 19B. Short
tabs of barc copper wire are connected to the
binding posts of the stand as shown at a, a’.
Similar tabs are connected to the binding posts of
the standard at b, b’. These are the potential
points for connection of an alligator clip at the end
of the battery lead. Current leads extend from
the end posts, A, B, of the ratio set to the end
posts of the stand. The galvanometer leads also
are connected to the end posts of the ratio set.

With the battery clip at a, then at b, readings
taken on the DRRS are designated Rdg, and
Rdg,. Then, with the dummy transferred to_the
right of the stand and the link to the left, readings
Rdg, and Rdg,. are taken with the clip at a’,

17
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Fiaure 19B. Measurement of two-terminal value of one-ohm
standard.

then at b’. The amount to be added to the four-

terminal resistance to get the two-terminal value is

Rdg,— ., Rdg, —Rdgy
dg] oRngl g, - dgb ppm’

= <

The resistance of the dummy and the resistance
of the link do not enter into the computation.
And, of course, either standard resistor may be
used for comparison to find the two-terminal
value of the other.

Example: The four-terminal correction for a
1-ohm standard was —54 ppm, hence, its four-
terminal resistance was 0.999946 ohm. The
DRRS readings obtained by the preceding pro-
cedure were:

Dummy on the right

5 847
5801

Dummy on the left
a 5772 a’
b 5814 b’

Substitution of the readings in the above equation
gives

5814—5772 , 5847—5 801
2 + 2

=21+423=-+-44 ppm.

Hence, the two-terminal value of the resistor was
0.999946-0.000044=0.999990 ohm,

and the two-terminal correction was —54-}44=
—10 ppm.
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9. Measurement of ‘‘Odd~Valued’ Resistorg

9.1. “Odd Values” Distinguished From Values g
Conventional Standards

The term “odd-valued,” as used here, include
those resistors which are not decimal multiples o
submultiples of 1 ohm. Some examples are regjg.
tors with denominations of 2 ohms, 5 ohms, 9
ohms, 50 ohms, etc. A similar set of resistane,
values is found in some types of resistance boxe
Other denominations occur, either separately, o
as components of laboratory apparatus.

Most of these odd values can be measured a4
one-to-one ratio on the Direct Reading Ratio Se
by use of combination standards consisting of ty,
or morc convontional standards connected i
produce the required resistance. The correction
i parts per million of the nominal value of gy
combination standard may be derived readily
from the corrections of its components. ’

9.2. Combinations of Resistors

Resistors may be connected in series, in paralld
or in combination of series and parallel. The
notation R(14-¢) which was explained in section 9
will be used in the following discussion to expres§
the true value of a resistor in terms of its nominal
value, &, and its correction, ¢ in parts per millior
of its nominal value.

9.2.a. Resistors of the Same Nominal Value in Series

If n resistors, 11, T, Ty, . . . ', are in series, the
total resistance is

]?=r1+r2—{—1‘3+ e e -}-I'.,,‘

If these resistors have exactly the same value,
the series resistance is

B=nr.

In general, no two resistors have exactly the sally
value. Suppose 7 resistors have the same nom
value, 7, with corrections in parts per million g
the nominal value, ¢, ¢, Cs, . .. Cn, respectiVell
Then the equation for the series resistance 18

B=r(1+e)+rite)+r(lte)+ . . . —rld
=nr<1 : T+t ... +cn>

n

In the equation, nr is the nominal value ¢
series resistance, and (¢;-Featct. - -t Cx)
correction to that nominal value.

Hence, if resistors of the same nomindl
in series, the nominal value of the series re,
is equal to the nominal value of oneé c
resistor multiplied by the number of resl
series,

and

n »
the correction in parts per million Off tm
resistance is the arithmetical meazles e
tions of the components in the series:




ExamprLE: Three resistors, each of 100 ohms.
ominal value, are in series. Their corrections
parts per million of the nowinal value are +45,
7,and —10 respectively. Find the series resist-
ce.

‘The nominal value of the series resistance is
-3 100=300 ohms.

The correction in parts per million of the nom-
il value is the arithmetical mean of the correc-
ns of the components of the series, which is

CHADFEDHI0_ 4,

nce, the series resistance is 300(149 ppm)
100X 1.000009=300.0027 ohmns.
lo illustrate the application of the correction
o series resistance in the measurement of an
mown, the above resistors in series were used as
ombination standard for measurement of a
-ohm resistance coil in a Kelvin Ratio Box.
ridge circuit was set up with a Direct Reading
jo Set as ratio arms as explained for resistance
the interchange method in section 8.3. The
» standards in series formed one upper arm of
bridge, and the 300-ohm coil, connected
ugh binding posts of the box, formed the
rupper arm. After the bridge was balanced
a reading taken on the DRRS, the positions
he standards and the unknown were inter-
wed, the bridge was balanced and a second

ing taken. The readings were:
Standard on the left, Rdg; 5 315
Standard on the right, Rdg, 5 437

Correction for the standard, ¢, +9 ppm

tituting these values in the equation for resist-
by the interchange wethod gives

;dg‘z—*Rdgl . 5437—5315
g T 2

+9=+4-70 ppm.

0 {1470 ppm) =3003< 1.000070
==300.0210 ochms.

esult was rounded off to report X=300.021

be measurement had been made by simple
ttion, (sec. 8.2), a dummy would have
Seessary requiring another 300-ohm resistor
400-ohm resistors in series).

Resistars of the Same Nominal Value in Parallei

Huation for » resistors in parallel is
1 1,11 1
Rttt Ay

Wistance of each component is exactly r,

E@QQ\SQN

the equation becomes
1 n 7
T%——';y and R—;—Z

Since the components with the same nominal value
will have different corrections, the corrected equa-
tion for parallel resistance is

1 1

- 1 1 1
E“r(l—\——c,)+1~(1+52)+r(1+ug)+ T +7'(]+cn)
An expression of the form 1—_1}_—6, when expanded,

becomes

1

Y 2__ 3 .
T l—c+c*—c+ ... ete.

If ¢ is less than 0.001, the second-order term, c?
is less than 0.000001, the third-order term, ¢*, is
less than 0.000000001, etc. If ¢ is small, the
higher the order, the less significant the term.

If terms of the second and higher orders are
negligible, the above equation may be reduced to
the following approximate form which is generally

accurate for applivation (o standard resistors and
their corrections:

R=%<1+01+02+63“;- o +c,z)

(See sec. 7.2.) In the equation for R, %is the

nominal value of the parallel combination,

Git+etet ... e,
n

nominsl value.

If resistors of the same nominal value are connected
in parallel, the nominal value of the parallel re-
sistance is equal to the nominal value of one
resistor divided by the number of resistors inm
parallel, and (assuming that second order terms
are negligible) the correction in parts per million
of the nominal value of the parallel resistance is
equal to the arithmetical mean of the corrections
to the components in paraliel.

It follows that n resistors of the same nominal
value have the same proportional correction,
whether they are connected in series or in parallel
if, as stated above, the second-order terms are
negligible. The nominal value with the resistors
in series is n? times the nominal value with the
resistors in parallel.

Lrample: The preceding principles may be illus-
trated by application to the measurement of a
resistor which has a nominal value of 250 ohms.
Four 1 ,000-ohm standards may be used in parallel
as a 250-ohm standard. If these standards have
corrections, respectively, of 476, —125, —16, and
29 ppm, the correction to the 250-ohm parallel
combination is the arithmetical mean of the four
individual corrections, which is —9 ppm. Assume

19

is the correction to that



that the following data are obtained by use of the
above combination of resistors as a 250-ohm
standard for the measurement of the unknown by
the interchango mothod:

Correction for standard, ¢, —9 ppm

Standard on the left, Rdg; 5398

Standard on the right, Rdg, 5 220
(32205398 o oo

T 2

X=250(1—98 ppm)=250<0.999902
=249.976 ohms.

9.2.c. Resistors of Different Nominal Values in Series

For illustration, consider a 100-ohm resistor
and two 10-ohm resistors in series to produce
a nominal resistance of 120 ohms (fig. 20). Sup-
pose that the corrections to the nominal values
of these resistors are --35, 427, and —65 ppm
respectively. The 100-ohm resistor may be con-
sidered equivalent to ten 10-ohm resistors in
series, each with the same correction, 435 ppm.
The complete series is equivalent to twelve 10-
obhm resistors. The sum of the twelve corre-
sponding corrections is:

(10X35)4-27—65=--312.

This sum divided by 12 (number of equivalent
10-ohm resistors) gives --26 ppm, the correction
to the nominal value of the series. Hence,

E=120(1+-26 ppm)=120X1.000026==120.0031
ohms.

The correction (426 ppm) in the above ex-
ample is the “weighted mean’ of the corrections
of the three resistors in the series. Since the
resistors are not of the same nominal value, the
average of the three corrections would not be
correct. Evidently, the 100-ohm resistor has ten
times the “weight” of each of the other resistors.
To find the weighted mean of the corrections to
several resistors, divide the nominal value of each
by the least nominal value in the group. These
quotients are the “relative weights” of the corre-
sponding corrections. Multiply each correction
by its relative weight. Divide the algebraic sum
of the products by the swu of the relative weights.

The correction in parts per million of the nom-
inal resistance of any number of resistors of
different nominal values in series is the weighted
mean of the several resistor corrections.

T T WA

Fi1GURE 20. Resistors in series.

120
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9.2.d. Resistors of Different Nominal Values in Parallel

Although this case rarely, if ever, occurs f
practical testing, a complete disenssion require
its inclusion. There is no simple expression fo
the resistance of a combination of this type. It
the resistors of the preceding example are cop.
nected in parallel, the resistance of the group
must be found from the following relation:

1 1 | 1, 1
B 77100.0035 ' 10.00028 ' 9.99935

This equation gives 1/R=0.210003, and
' 2 =4 76183 ohms.

This result can not be satisfactorily expresse]
in terms of a nominal value and its correction,

9.2.e. Resistors in Series and in Parallel

A nominal resistance of 125 ohms may be pro-
duced by connecting eight 1 000-ohm resistor
in parallel. The same result is obtained wit
five resistors in series-parallel as shown in figure
21. The inclusion of the last two 10-ohm re.
sistors between vertical bars in the equation in-
dicates that they are in parallel, equivalent t
one 5-ohm resistor. The parallel group is n
series with the other resistors, so that the entirn
combination amounts to 100+4-10-4+10+5=1%
ohms nominal, and it is equivalent to

20X 5+2X 542X 515,

or twenty-five 5-ohm resistors in series. Suppossy
that the corrections, in the order in which the
resistors are listed, are 420, 30, --40, and
i?g! ppm. Since the last two resistors are il
purallel, equivalent to one 5-ohm resistor, the cofd
rection in parts per million of 5 ohms is (5047
2=-}-60. The next step is to find the weightdd

mean.
(+420) X20=4-400
(+30)X 2=+ 60
(+40)X 2=+ 80
(+60)X 1=+ 60

25 )+600
+ 24
Hence, the correction for this combinal

resistors is 424 ppm of its nominal value
ohms. The total resistance is

1251424 ppm) =125 % 1.000024=125.0030 R

M

10)
o+ i0

vl

100+ e] +

FiaurE 21. Resistors in series and 10 P



Adaptation of the Direct Reading Ratio Set for

3.
’ Ratios of 1:n and m:n

In using the Direct Reading Ratio Set it is
psually best to set up the bridge to use a substi-
tution method. ¥or example, to measure a
300-ohm_registor the 100:100 arms of the ratio
sob would be used, and a Wheatstone bridge
gould be set up and balanced wusing a
100-ohm auxiliary on the right and the unknown
100-ohm resistor on the left. After balance, the
wknown would be replaced by three 100-ohm
tandards connected in series on the mercury
tand, and a second balance obtained. The
lifference in readings would then be the difference
o parts per million between the unknown and
he sum of the resistances of the three 100-ohm
tandard resistors. However, if three calibrated
00-ohm standards are not available, the ratio set
ireuit may be modified to give a 1:3 ratio and
he 300-ohm unknown measured against a single
alibrated 100-ohm standard. It is also possible

y adapt the circuit to measure the 300-ohm

gknown against two 100-ohm standards, or by

#ting up & 3:5 ratio, in terms of two 1 000-ohm

andards in parallel.

9.3.a. Typical Adaptations

Some commercial ratio sets have a connection
1 s fixed arm of 10 ohms, affording a ratio of
1. A vartety of other DRRS ratios may be
med, as 1:2, 1:3, . . . 1:10, or 2:3, 3:4, ete.
Figure 22 illustrates an adaptation for a ratio
1:2. A 100-obm standard is connected to
wing post, B’.  The right hand terminsl of the
i becomes F, the fixed arm CF, and the ratio of
Jto CHvis 100:200.
A ratio of 1:10 may be formed as in figure 23.
1000-ohm standard connected to the middle post,
of the DRRS forms the fixed arm, CF, of the
and the ratio of AC to CF is 100:1 000.
Uratio of 1:1.5, or 2:3, can be formed as in
Ye 24, Two 100-ohm standards in parallel
vide 8 supplementary resistance of 50 ohms,
¢h added to the CB arm of the DRRS, makes
fixed arm, CF, of the modified set equal to
ohms and the ratio of AC to CF 100:150.
EgMO of gn:n, indwdh}i)eh m and n are both
8618, may be provided by using supplementa;
Wards to malke the right arm of the set equ?{
00 ties 7/m, ,
e resistunce of leads used in making connec-
“should be insignificantly small.

9.3.b. Bridge Zero

g arm of the ratio set is adjustable so that
Obo the arms is variable from about 0.5
Delow to about 0.5 percent above the-
- At some setting of the dials, the ratio
m:n. Call this setting “bridge zero’
18nate it by “Rdg,.”

RS has'been adapted to a ratio of m:n
; en of resistors to the fixed arm (or to
“1¢ binding post), a bridge is set up by

1008 o 8 oon re.

HOOO,

Fieure 22. Adaptation of DRRS for 1:2 ratio.
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Fiqure 23. Adaptation of DRRS for 1:10 ratio.
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FIGURE 24. Adaplation of DERS for 2:3 ratio.

using m-+n standards each of the same nomina
value, in the upper arms, m standards on the left
and 7 stundards on the right. The value of these
should be large enough to make lead and contact
resistance negligible. With the standards in a
definite pattern, they may be rotated step by
step, until each resistor has occupied each position
in the pattern. At each step, a reading is taken
on the dials, from Rdg; to Rdgns.. Bridge zero
is the arithmetical mean of the m+n readings

taken.
Rd Rdg.+Rd e
R d go £1 + g2 + g:j:n

This number is independent of the corrections
to the nominal values of the standards used if
each is less than 1000 ppm. It applies equally
well to standards in series or in parallel.

Unless the resistances of the leads to the upper
arms of the bridge are negligible, the resistances
of the leads must also be 1n the ratio m:n. The
leads may be adjusted to the correct ratio by
shorting each arm and balancing the bridge by
adjusting the leads.

It is not always necessary to use m--nstandards
to form a ratio of m:n, By a combination of
series and parallel connections, the number of
required standards may be reduced. A ratio
of 2:3 may be obtained with four standards
instead of five. A ratio of 1:10 may be obtained
with seven standards instead of eleven.

+Rdgm+n
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Figure 25A. Assembly to find Ry for a 1:2 ratio.

9.3.c. Application of Above Procedures to Measurement of Odd
Values

The following examples are intended to clarify
the preceding explanations.

Example 1: It is required to find the true value
of a resistor which has 2 nominal value of 20 000
ohms.

With the ratio set adapted to a ratio of 1:2, a
Wheatstone bridge is completed by using three
1 000-ohm standards (or 100-ohm standards) in
the upper arms, one on the left and two in series
on the right.

To reduce the number of binding post con-
nections, the standard resistors can he mounted
on a mercury stand. In figure 25A, the 100-ohm
resistor on the right-hand end of the stand is
in series with the 100-ohm resistor, CB. The
resistance from C to F (200 ohms) constitutes the

.fixed arm of the DRRS, giving a ratio of 1:2.
Note that the lead to the galvanometer is taken
from F, not from B’.

The standard resistors a, b, and ¢ form the upper
arms of the bridge with a in the left upper arm
and b plus ¢ in the right upper arm, also in a ratio
of 1:2. Compare figure 25A with figure 25B.

After Rdg; is taken on the DRRS with the
resistors in the position shown, the resistors
a, b, and ¢ are rotated as follows: Resistor b is
moved to position a, ¢ to position b, a to position
¢, and Rdg, is taken. (The samo result will be
obtained by interchanging a and b. However,
if several resistors are involved mistakes may be
avoided by following a definite plan of rotation.)
Then resistor ¢ is moved to position a, a to position

b, b to position ¢, and Rdg; is taken.

The rotation of the resistors and the correspond--

ing readings are shown in condensed form in the
22

Figure 25B. Schemalic representation of figure 254,

following table:

a:(b+c} Rdg,= 5387
b:(c+a) Rdg,= 5491
ci{a+b) Rdg;= 5421
3)16 299

Rdg,= 5433

The reading 5 433 designated above as bridge
zero is the reading of the dials of the DRRS which
makes the resistance ratio AC:CF exactly 1:2.

Unless the resistances of the leads are negligibls,
they should be adjusted to a ratio of 1:2 (approxi
mately) before determining the bridge zero,

The standards in the upper arms of the bridge
are now replaced by a 10 000-ohm standard on thg
Ieft and the unknown (20 000 ohms, nominal) o
the right. After the bridge is balanced the dial§
are read giving (say) Rdg,=5 425. 1f the correly
tion for the 10 000-chm standard is c;=—83 ppiij
the correction, ¢, for the unknown is found BX

it

substituting the numerical values in the followilh

equation:
c;=Rdg,—Rdg,+c,.

Hence,
c,=5433—5 425—83=—75 ppm

it
and X=20 000(1—75 ppm)=20 000X0.999%
19 998.5 ochms. The value of ¢, is negative, 1
isused with its algebraic sign in the equa.t'm’;
Ezample 2: To calibrate & resistor with &
inal value of 100 000 ohms. The ratl
adapted to a ratio of 1:10. Instead of usil
standerds in the upper arms of the bridge
a ratio of 1:10 to End Rdg,, seven St’ﬂ,fne-
connected to form -the same ratio (5
shown in the simplified diagram ©




TicURE 26A. Schematic diagram for 1:10 ratio with seven
standards.

Note that, instead of the 100-ohm standards shown
in the diagram, 1 000-ohm standards could be
wed, forming the ratio 500:5 000. The arrange-
ment of the seven standards on two mercury
stands, connected by a link (L) to form the upper
ams of a bridge, is shown in figure 26B3. Resis-
tors 2 and b, in parallel, form the left upper arm
of 50 ohms. Resistors ¢, @, ¢, {, and g, in scries,
{orm the right upper arm of 500 ohms.

The fixed arm of the DRRS is replaced by the
1 000-obm standard connected to C and mounted
on the right end of the stand to give the DRRS &
ratio of 1:10. The galvanometer leads (g, g’) are
taken from A’ and ¥,

By comparison with the schematic diagram, fig-
wre 26C, it 1s clear that the circuit 1s a Wheatstone
bridge eircuit with arms in a ratio of 1:10.

To find bridge zero, Rdg,, readings on the
DRRES are taken for each sequence as the stand-
wds are rotated in the pattern,

bietd+ettre), |2 @retiteta),
I
iﬁilyi<e+f+g+a+b>, (o) ireratbto),

%i{:(g+a+h+c+d), g{ (atbtotdie)

E}:(b+c+d+e+f>.

E“}gn is the arithmetical mean of the seven readings.
‘1he measurement of the unknown follows the
E{Oced.ure described in the preceding example.
ldg, is talken with a 10000-0bm standard in the
«&ft upper arm of the bridge and the unknown
0000-ohm in the right arm, As in example 1,

¢:=Rdg,—Rdg,+¢;.
i&ﬁgm\pl? 8: To measure a 250-ohm (nominal
mt\oleystorvwwh a 1:4 ratio. The measurc-
. ‘his resistor at a 1:1 ratio using four 1,000~
fis. Q§SISt9rS 1n parallel as a combination standard
oo lp aned in section 9.2b. The addition of
D O"Q m resistors in series to the fixed arm
S changes the set to a ratio of 100:400.
o ¢ modified ratio in the lower arms of a
"'«’.1’003 ge zero may be determined by use of
) logltstimdards n the upper arms, two

S he left, two 4 ¥ ight
8 patie of 50:%%6 fwo on sertes on the right, to

=
=~
rwow

Fievre 26B. DRRS connecled fo seven standards on

stands for 1:10 ratio.

Ficure 26C. Stmplified represeniation of figure 26A.

Figure 27A shows how the standards may be
mounted on two mercury stands connected by a
link, 1.. The arrangement of the stands permits
reasonably short leads from the A and B binding
posts of the DRRS to the stands. The three 100-
ohm resistors on the right hand stand are in series
with the 100-ohm fixed resistor, CB, of the DRRS,
making the fixed-resistance arm, CF, 400 ohms
and the ratio, 100:400 or 1:4. The galvanometer
leads {g, g’) are comnected to A’ and F.

On the left hand stand, the 100-ohm resistors,
a and b, are in parallel to make the left upper arm
of the bridge 50 ohms. The resistors, ¢ and d, are
in series to produce a resistance of 200 ohms in the
right upper arm of the bridge. The ratio of the
upper arms is 50:200 or 1:4.

After Rdg, has been found, as previously ex-
plained, the standards a, b, ¢, and d are removed
from the stand and a 1 000-ohm standard is
mounted between H and D. If the 250-ochm
unkoown cannot be mnounted ou the stund between
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Ficore 27A. Arrangement of standards to determine
“bridge zero’’ with a ratio of 1:4.

D and X, it is connected by short leads to the
binding posts of the respective bars of the stand.
A schematic diagram of the Wheatstone bridge
circuit with the 100-ohm standards oun the left-
hand stand replaced by the unknown and the
1 000-ohm standard is shown in figure 27B.

After the bridge is balanced, Rdg; is taken on
the DRRS. Note that in the preceding examples,
the standard was in the left upper arm of the
bridge, the unknown in the right arm. 'Since, in
this case the positions of S and X in the upper
arms has been interchanged, there will be a cor-
responding interchange of the algebraic signs of
Rdg, and Rdg; in the equation for ¢,. The equa-

tion is -
c.=Rdg.—Rdgs+c..
From the following data:

S=1000 ohms
¢s= 75 ppm
Rdg,=5 347
¢.=5 347—5520+75=—98 ppm
and

X=250(1—98 ppm)=250<0.999902=249.976

ohms.
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Ficure 27B. Schematic circuit with the unknown, X,
the standard, S.

Ficure 28. Schematic diagram, ralio 1.

It is important to avoid confusing the two equalt
If the standard is on the left
¢.=Rdg,—Rdg-+¢s.
If the standard is on the right
co=Rdg.—Rdgs+Cs

s sl
9.3.d. Determination of Bridge Zero With Two Standards
Corrections

or Ce.

Tigure 28 shows schematically 2 bridge
ratio set adapted to a ratio of 1:7- Inis
arms of the bridge are two standard Tﬁ: :
nominal values of 4 and B, also in & u
¢z is the correction to the nominal valué




OO

8 B

] A A 100 ¢

DRRS

TieurE 29A. Ry with two standards, ratio 1:10.

standard on the left, and cz is the correction to
the nominal value of B, the standard on the
right, both in parts per million. 1If Rdg is the
reding on the dials with the bridge balanced,
biidge zero equals the reading of the ratio set
minus the eorrection to the resistor on the left plus
the correction to the resistor on the right. Rdg,
=Rdg—e,+cr.  The next step is to replace the
standards used to find the zero reading on the
idge by the unknown, X, and a standard resistor,
S. The value of the standard selected must be
such that with S on the left and X on the right, or
vice versa, the ratio of the upper arms is the same
g3 the ratio of the lower arms of the bridge. The
bridge is balanced and read. If the unknown is
on the left, by transposing the above equation, its
eorrection is

CL:Rdg_Rdg0+CR.

It the unknown is on the right, by transposing the
quation, its correction is

cx=Rdg,—Rdg+e;.

yﬁ%’I?MWZJZ&' To measure & resistor with & nominal
% e of 150 000 ohms. The Ratio Set is adapted
i  Tatio of 1:10 by connecting a 1 000-ohm
dwdnd to the middle post, C, of the DRRS,
fees 204 and B.

40 galvanometer leads (g, g7) are connected to
:‘130%% F. To calibrate a resistor of this value,
_}',p'mW“Ohm standard with a correction of +4-421
By l%s(;lsed in the left upper arm of the bridge
W i I?O—th standard with a correction —18
ifbﬁag‘e;t ¢ Tight upper arm, figure 20A. The

eading was 6 173, Hence, bridge zero:

Rdgy=6 173 —421—18=5 734,

g
I&&%@t of X: The 150 000-ohm unknown
Mg £, Sted. Into the right upper arm of the
S gure 29B. For a 15 000-ohm standard

DRRS

Fraure 29B. Application to calibration 150,000 ohms

worménul value.l

in the left arm, to make the ratio of the upper
arms 1:10, three 10 000-ohm standards in the
series-parallel connection shown in the figure were
used. With the bridge set up in this way the
reading was 6 321.

Using the corrections to the standards, as shown
in the diagram, the “correction on the left”’ was

—h1—
CL:"% (2><432+_"_1§_}§)=+277 ppm. (sec.9.2.¢)

Then the correction for the unknown, “correction
on the right,” was

¢r=5 734—6 321+277=—310 ppm.

And X equals 150 000(1—310 ppm)=150 000
X 0.999690=149 954 ohms.

9.4. Calibration of Megohm Boxes and 0.1-Megohm
Boxes for Use as Resistance Standards

9.4.a. Galibration of the Box

The boxes considered here consist of ten nomi-
nally equal resistance coils which may be con-
nected on the panel either in series or in parallel.
The components of the 0.1-megohm box are
10 000-ohm coils. With the coils in parallel, the
resistance of the box is nominally 1 000 ohms.
Its resistance may be compared with that of a
1 000-ohm standard by the usual substitution
procedure. Say, the correction found is --230
ppm. With this correction, the resistance of the
box is 1 000(1+250 ppm) ohms.

The same correction applies to the nominal resist-
ance of the box when its components are in series.
Hence, the resistance of the box with its compo-
nents in series is 100 000(1 4250 ppm).

A 1-megohm box may be calibrated the same
way. With its 100 000-ohmn compouents in paral-
lel, the resistance of the box may be compared
with the resistance of a 10 000-ohm standard.
The proportional correction found is also the
proportional correction to the 1 000 000-ohm
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nominal value of the box when its components are
in series.

The method is not limited to megohm and 0.1-
megohm boxes, but is applicable to any resistance
box having 10 nominally equal stable components
which may be used in parallel or in series, per-
mitting a step-up of 100:1. If each component
is within 0.1 percent of their average the 100:1
ratio is accurate within one part per million,
provided that the insulation resistance is large
enough to avoid any appreciable effect on the
ratio. The method 1s very useful for measuring
high resistances.

9.4.b, Use of the Calibrated Box as a Resistance Standard

After a box has been calibrated, it may be used
in & Wheatstone bridge circuit to measure the
resistance of an unknown in the same way that
any other standard resistor would be used.

For illustration, consider the use of the 0.1-
megohm box as a standard to calibrate a resistor
of 150 000 ohms nominsal value. Adfter a bridge
has been set up with a ratio set adapted to a ratio
of 1:1.5 the next step is to find bridge zero.

In figure 30 two 100-ohm standards in parallel
have been added to the fixed arm of a DRRS to
make the ratio of AC to CF equal to 100:150.
Four 1 000-ohm standards in the upper arms of
the bridge arranged as shown in the diagram
make the ratio of those arms 1 000:1 500. The
readings on the bridge corresponding to the
different sequences of the standards in the pattern
are given in the following table:

a:(b+ g) Rdg,=5 435
b:(c—{— ZD Rdg,—5 412
c:(d+ Z) Rdg;=5 400
d:{ a+ 2') Rdg,=5 433
4) 21 680

C
10008

a b
[{e]e]oX+) 10008

4
» & & iOO&l c 1008 8 B

1@@OO

Fraure 30. Ratio 100:150, to find R,.

¥
1008 g
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The standards are removed from the upper arp
of the bridge and replaced by the 0.1-megohm by
on the left and the unknown on the right. Sy
pose the reading of the bridge is now 5 580. TJ
correction found for the box was 4250 pp
This is ¢z, correction on the left. The correcti
for the unknown is ¢y, correction on the rigt
Making the relevant substitutions in the equatip

cr=Rdg,—Rdg+cz,
the correction for the unknown is
=5 420—5 530-+250=--90 ppm.
Hence, the value of the unknown is

150 000(1490 ppm) =150 000<1.000090=
150 014 ohn

The 1-megohm box may be used in the sg
way to measure resistances of the order of
megohm. Readings to the fourth place on t
ratio set may be impossible due to insuffiric
galvanometer sensitivity. Excessive battery vo
age to increase the galvanometer deflection w
heat the resistance coils and decrease the accura
of measurement.

The use of the Direct Reading Ratio Set in t
calibration of a Wheatstone bridge is given
detail in sections 11-15.

The examples which have been given illustr
the usefulness and adaptability of the Dir
Reading Ratio Set. Theoretically, the set ¢
be adapted to any ratio. However, the numl
of practicable ratios is limited.

Another ratio set with arms as finely adjuste
as those of a slide wire is described in the n
section.

10. The Universal Ratio Set

In the preceding sections the Direct Read
Ratio Set and its uses have been discussed. I
usually used for the determination of the dif
ence in Tesistance between standards and unkno
resistors of nominally the same value.
they differ by more than about 0.5 percent
Direct Reading Ratio Set is not usually suit?
and a ratio set with a larger range is requtf
In this case the Universal Ratio Set may be us
It is also very useful where only the ratio ol
sistances is required, as in the calibration ©
potentiometer. This requires the determingt
of the ratio of the main resistance to the stand?
cell resistance for the many settings of the
strument.

10.1. The Universal Ratio Set (URS) Compared t
Slide Wire

Figure 31 shows the arrangement of dlg’l‘%
binding posts on the panel of a recent M0 1” '
six-dial Universal Ratio Set. The first dial 2
is divided into twenty divisions correspoB -
resistance of twenty steps of 100 ohmS.:®
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Figure 31. Universal Raiio Set.

7ach of the other dials is divided into ten steps of
ecistance values which range from 10 ohms per
sep on the second dial to 0.001 ohm per step on
e sixth dial. )
“The URS is used to form the ratio arms of a
bridge. It is equivalent to a slide wire (fig. 32)
with & slider, C (connected to binding post, G),
which may move along a wire with a resistance of
2111.110 chms hetween the hinding posts A and B.
Adjustment is made by an arrangement of coils
ad dial switches such that as one or more dials
are advanced, additional resistance is introduced
into the AC} arm and equivalent resistance is
removed from the CB arm of the set. The
reading of the dials is the resistance of the AC arm.
The binding post, G, is marked for a galvanom-
ster connection. The binding posts BA and BA’
(battery connections) are convenient extra binding
posts at the ends of the slide wire. As in Wheat-
stone bridge circuits, generally, the battery con-
nections are interchangeable with the galvanom-
eter connections. Frequently, the galvanometer
s connected to the BA and BA’ (or A and B)
binding posts and the battery is connected to G.

10.2. Application 10 Four-Terminal Measurements

The URS is especially suited to the comparison
of four-terminal resistors. In figure 33, S and X
are 8 standard resistor and an unknown, in series
wnnected to the end terminals of a URS. Let X
bethe value of the unknown and S the nominal
¥ahue of the standard which has a correction, c,.
The leads, AD and BF, are connecting leads. At
the potential terminals of each resistor are short
vire tabs, s, s,, 21, 23, for convenient connection of
ddip on a battery or galvanometer lead. Also
et 5, 83, 21, Ty, be the readings of the URS when
the battery clip is connected to corresponding
Wtential points and the cireuit is balanced.

1th a constant current in the circuit, the dif-
Tence between two readings on the URS is

Moportional to the difference of potential between

] H bresistor terminals.

Lielce,

Zi—#;__The potential drop across X
$2—8; The potential drop across S
Yever, the potential difference across any

?@Ht of the cireuit is proportional to the
nce of the circuit. So,

Ly ;
Lg~:l:he resistance of X
$:—8, The resistance of S

-calibrating potentiometers.

BA A G

s A e
\é_/

C

Figure 32. Slide-wire representution of URS.

D S X F

Ficure 33, Four-terminal measurement with URS.

Since a reading on the URS depends only on the
ratio of two resistances, the equation is true even
though the current in the URS is not constant.

Using the corrected value of the standard,
S(1--¢), the last equation becomes,

X To—I;

_—

SOFe) so—s

and
X=2"08(1+¢e,)-
8a—8¢
Example:
8= 0.310
s;= 913.445
;= 918.132
x,=1 703.027
S= 10 ohms
;= —12 ppm

S(14-¢)=10(1—0.000012)=9.99988 ohms

84.8956
_9‘13__‘1-35X9.99988—8.59550 ohms.

Note that in figure 33 the galvanometer is
connected to the URS binding posts, BA and
BA’. Then the resistance in the galvanometer
circuit does not change as the potential lead is
transferred from one point to another, and it is
not necessary to change the damping resistance
for each reading. Thisisimportant when calibrat-
ing potentiometers and other instruments having
multiple setfings. Hawever, it is important, that
the battery supply be adjustable in order to be
able not to overload the coils of the ratio set or
the unknown when the balance point is near
either end.

An important application of the Universal
Ratio Set is its use for measuring voltage ratios in
This application will
be explained in Part 3.
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Part 2. Calibration of a Wheatstone Bridge

In some of the preceding sections the Direct
Reading Ratio Set and its uses have been de-
seribed. As a further illustration of its use the
following detailed outline of the calibration pro-
cedure for a Wheatstane bridge is presented.

The bridge for which the calibration procedure
and data are given is of the open-dial type intended
for the measurement of resistance to a fairly high
accuracy. This type of bridge is chosen because
practically identical bridges of the same pattern
are made by several American manufacturers.
They have duplicate sets of ratio coils from 1 to
10 000 ohms and & five decade rhoostat with
steps of 0.1 to 1 000 ohms inclusive. Push-button
switches are provided, one in the battery branch
and one in the galvanometer branch of the bridge
circuit. - The procedure for the calibration of this
bridge is essentially the same as for other com-
mercial Wheatstone bridges and the directions to
be given may be readily adapted to almost any
such bridgo.

11. Test Equipment

Standard resistors: Two 10-ohm standards and
one each of 1-ohm, 100-ohms, 1000-ohms, and
10 000-ohms, nominal value.

Mercury stand

Shorting link

Direct Reading Ratio Set

Auxiliary rheostat: The rheostat arm of another
bridge or any resistance box with resistance
decades corresponding to the decades of the bridge
being tested.

Sensitive galvanometer

Galvanometer damping resistance

Battery key, preferably a reversing key

Battery rheostat, a variable resistor to regulate
the voltage applied to the test circuit.

Battery (10-12 v)

D-c¢ voltmeter (010 v)

Thermometer, to determine room temperature
alllld the temperature of resistance standards during
the test.

Fieure 34A anp B. Conventional diagrams of Wheatstone
bridge circuit.
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12. The Wheatstone Bridge Circuit

The Wheatstone bridge is represented sch
matically by the well-known diamond-shap,
diagrams of figures 34A and B. The lott,
X, R, A, and B are used to represent the arms,
the bridge and also their respective resistaneq
Resistors 4 and B form the ratio arms. Opg
both of these arms are variable. X is a Tesist
of unknown value. R is a resistor of known vall
which may be fixed, or R may be a calibrat
rheostat. @ is a sensitive galvanometer and B
is a battery of suitable voltage. Whethor
battery and the galvanometer are connected ag
figure 34A, or as in figure 34B, the value of 4
unknown resistor is given by the basic equation

A
X=ER7

when no current through the galvanomete;
that the bridge is balar%ced. & " shon

Figure 35 is a generalized diagram of a laborator
bridge, showing binding posts and switches or key
Since the circuit may be either the ecircuit (
figure 34A or that of figure 34B, the binding pos
in this diagram are indicated by number. Bindin
posts (2) and (4) may be battery binding post;
B4, or they may be galvanometer binding post
G. The key may be between (2) and a, or betwes
(4) and ¢. Likewise, (3) and (5) may be eithe
galvanometer or battery binding posts and th
key may be between (3) and b, instead of th
position shown in the diagram. The bindin
posts (1) and (6) are for connection of the unknow.
resistor which forms the X arm of the bridg
The small letters a, b, ¢, and d indicate brang
points where bridge arms and leads from
binding posts join.

Q@

Froune 35. Generalized diagram of labo’““’"’*’ij@



12.1. Ratio Arms, A and B

A set of resistance coils of 1, 10, 100, 1 000, and
10 000 ohmas, nominal resistance, is arranged so
that any one of them may be connected into the
circuit by a plug or a switch to form the A arm.
A corresponding set of resistors (or the same set)
may be connected info the circuit, one at a time,
to form the B arm. The ratio, A/B may be
aried from 1/10 000 to 10 000/1. The range of
obtainable ratios is not the same on all models.

12.2. Rheostat Arm, R

The rheostat arm of a five-dial bridge is illus-
yrated schematically in figure 36. The first
decade, 1 000 ohms per step, contains nine or ten
1 000-ohm resistance coils in series. Any number
of these resistance coils, from zero to nine or ten,
oan be connected in series in the cireuit by a dial
switch to give a range of resistances from zero to
3000 or 10000 ohms. The other decades are
gmilar, providing resistances of 100, 10, 1, and
0.1 ohm per step, respectively. The last decade
usually has ten steps, affording a range in 0.1-ohm
steps from zero to 1.0 ohm. With the dials set
a9, 9,9, 9, and 10, respectively, the resistance
of the arm is 10 000 ohms, nominal value. This
sefting of the dials may be conveniently written
9999.X, in which X represents the reading of 10
on the right hand dial.

figuem 28, Schematie diagram. of rheostat arm of bridge.

13. Outline of Test Procedures

13.1. Need for Testing

. 9’{0 to manufaciuring tulerances and to changes
Wresistance with age, temperature, and humidity,
ue value of a resistor is very rarely the same
S nominal value. Hence, the resistance
ats of a bridge should be recalibrated from
eto time. In addition to the true values of
“Tesistors which compose the ratio arms and the

Wt arm, it is also necessary to know the
Ances of the switch contacts and tho internal

ssumed that the bridge which is to be
S I Sa‘c_lsfagtory working condition. If it
éire ective, it should be sent to the factory
eds" or veferred to someone who is ex-
ating o, W Instrument repair. The beginuer in
. onld not open the bridge.

13.2. Required Measurements

The measurements that are to be made in testing
a Wheatstone bridge are:

1. “Zero” resistance of the rheostat arm and
the resistance of the leads from the X binding posts
to the adjoining arms of the bridge.

2. The resistance of each coil in the rheostat
arm.

3. The resistance of each coil in each ratio arm.
The resistance measurements are made with a
Direct Reading Ratio Set used with a sensitive
galvanometer. 1t is not necessary to make the
tests in the order given above.

Test 1. This test consists of two parts. The
zero resistance is the resistance at switch contacts
in the rheostat arm, measured with all dials on
zero, plus the resistance of leads within the arm.
The resistance is measured between the branch
points ¢ and b, figure 35. It is usually reported
as the resistance for the zero setting of the highest
decade, and if significant, is included in the correc-
tion to each step of the decade.

The internal lead resistance is the resistance of
the leads from the X binding posts, (1) and (6)
figure 35, to the branch points ¢ and d, respectively

Test . 'The resistance for each dial setting of
the rheostat arm is measured with current leads
to binding posts corresponding to the conditions
of use.

Test 3. Each coil of each ratio arm is measured
by the interchange method. The resistors of the
A arm are measured between the branch points ¢
and d. The resistors of the B arm are measured
between b and ¢. FEven though the same resist-
ance coil may be used in either arm, it should be
measured in both, because the lead resistance from
the coil to one arm may differ from the lead resist-~
ance to the other.

If 47, B’, and R’ are corrected values of the
bridge arms, and 7 is the internal lead resistance
of the bridge, the value of the unknown is given
by the equation;

Ao
X——B,R 7.

A complete equation, including the nominal values
of the resistors and their respective corrections, is

X=%1‘<1‘*‘0:“b)(Rl+C1+Rz+C2+R3+C3+R4
+-es+RBstcs)—.

In the above equation, 4 and B are the nominal
values of the ratio arms; @ and b are their respec-
tive corrections; R;, R,, Rs, Rj; and R; are the
nominal values corresponding to the dial readings;
C1, €2y €3, €4, a0, €5 aTe their respective corrections;
and 7 is the internal lead resistance in the same
arm as the unknown resistance.
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13.3. The Circuit Diagram

Before the test procedures listed above ean be
applied to a bridge, it is necessary to have a correct
diagram of the bridge circuit. For example, it
may be seen from figure 35 that the zero resistance
of the rheostat arm may be measured by taking
current leads to binding posts (1) and (6) and po-
tential leads to binding posts (2) and (3) with the
key between (2) and a closed. Before the test
can be made it is necessary to know the panel
designations of the numbered binding posts.
The working diagram will be figure 35 with the
binding post numbers replaced by the panel desig-
nations. However, battery and galvanometer
keys may bein a position different from that shown
in figure 35.

The usual panel markings on an American
bridge are:

BA Battery
GA  Galvanometer
X Unkaown Resistor

In a circuit diagram, the relative positions of the
binding posts on the panel are shown by subscripts,
L and R for left and right, or 1. and U for lower
and upper.

The manufacturer’s diagram of the circuit is
usually satisfactory. If a circuit diagram is not
available, it is necessary to produce one by tracing
the circmit. It is desirable to check any diagram
on hand because an occasional bridge may differ
in some detail from the maker’s diagram.

The circuit of the bridge can be traced with s
simple tester, or volt-ohm-meter (VOM), by
measuring approximate resistances between pairs
of binding posts with keys open and with keys
closed. The rheostat arm and the ratio arms can
be identified readily by varying the resistances in
the respective arms.

Test 1 can be carried out usually without refer-
ence to a diagram. With the current leads con-
nected to the X binding posts, DRRS readings can
be taken with the potential lead to each binding
post on the panel. Then, the arrangement of the
circuit can be determined by comparing the DRRS
readings. The method will be explained in » later

section.
12.4. Reducing Contact Resistance

Plugs and the contact surfaces of open dial
bridges should be cleaned and lubricated, Clean
with & harsh cloth or specially prepared paper
wipers, mot an obraswe. Lubricate with pure
vaseline or a highly purified, light petroleum oil.
A beginner shounld not open a bridge to clean and
Iubricate concealed contacts.

Mercury contacts on standard resistors should
be clean and amalgamated. Any crusted amal-
gam on the surfaces should be carefully scraped
and the clean surfaces re-amalgamated (sec. 5.2).

Current leads from test equipment should not
be taken through the key contacts of the bridge.

When apparatus is set up for testing, binding-
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post connections should be well tightened. Plug
should be inserted with a firm, slightly rotar

motion.
13.5. Load Tolerance

If excessive current flows in any part of th
circuit, heat is generated in that part faster thy:
it can be dissipated, the temperature rises, an
the resistance changes. Measurements becom
naccurate.

If the.galvanometer is satisfactorily dampeg
it will generally indicate au overload. When ¢y
battery key is closed, the galvanometer spot wi
move normally across the scale, come nearly ¢
rest, then slowly continue its motion as heg
accumulates in the circuit. With a galvanomete
of high sensitivity, overloading can be avoided ;
deflections are kept reasonably small.

A load of 0.1 w is usually safe. With a goo
galvanometer, it is generally more than enoug
for adequate deflections. In some cases, a some
what larger load may be tolerable if quick reading
are taken and the battery key Immediatel
opened. '

i

T1GUre 37, Recommended test circuti.

In the circuit of figure 37, A and B represeh
the arms of & DRRS, S is a resistance standal
and X is an unknown resistor of the same nom
value as S. The current from tho battery dW‘i
at M into approximately equal parts in the
and right branches, MPO and MNO, of the Cl; g
The emf applied to each of these branchej o
adjustod by the battery rheostat, Rh, apad 68
read on the voltmeter, V. o "

For a given load, P (watts), 1o either 11
the emf is V=+PR when R is the resistal
the branch in ohms. Hence, the VO[“‘;% f:
load of 0.1 wis V=+0.1 R. The x7qltage ;u-
by this formula is usually more than




13.6. Applicabitity of General Principles

The preeeding pages have given pre-test prepa-
rations and precautions rvequired for accuracy,
with a statement of the steps to be taken in the
test of a Wheatstone bridge. Since Wheatstone
hridges consist of the same basic parts, namely,
two ratio arms, a rheostat arm, and the internal
leads from the binding posts for the unknown
resistor, the testing problem depends only on
understanding the use of test equipment to make
the necessary Ieasurements on each part.

The following section will explain the test of a
specific model In detail With a knowledge of
the general principles and their application, it
should be possible to make the minor modifica-
tions of procedure required for testing any of the
makes and models in common use.

14. Test of Open Dial Bridge

The ovder in which the different parts of the
Iridge circuit are tested, generally, is immmaterial.
The tests will be presented in the following
order:

Test 1: Zero and internal lead resistance.

Tesb 2: Rheostat arm.

Test 3: Ratio arms.

14.1. Test 1: Zero and Internal Lead Resistance

This test may serve, in the absence of a ciruit
diagram, to trace the bridge circuit and, at the
same time, to obtain the desired resistance
measurements.

The connections for the test are shown sche-
matically in figure 38. The measurements arve
made with a Direct Reading Ratio Set by the
method for the measurement of a small resistance
sec. 8.5). The 10-ohm resistors are standards
¢ a mercury stand. Since it is assumed that
the conmections of the binding posts to the bridge
Letwork are unknown, the notation of figure 35
Bused in this figure.

- The dashed Iine between b and d indicates that
218 1atio arms have been short-circuited by in-
irting plugs on each side of the same stud between

10 A and B bars. The “hooks” at the binding

O8ts represent bare, copper wire tabs for con-

Suent “potential point” connections for a clip
e end of the battery leai.
ods from the DRRS go through the 10-ohm
gm-f“ds. to the X binding posts, (1) and (6),
i ?hcn'cmt is completed through the internal
S e theostat arm, R, and the short across
=410 arms.  Each dial of the rheostat arm is
- The “potential”’ leads pass through the
bosts to the effective potential points,
1 ¢, d, and (6). The BA and GA keys

closed to permit connection to the
bomts ¢ and d. The assumption that
18 located as shown may not be correct.
0 Wil show (heir true position.

S et

Ficure 38. Connections and lead resisianee

for zero
(schematic).

A reading on the DRRS is taken at each
potential point. From figure 38, it is evident that
a reading at (4) is superfluous. However, if it is
not known which binding post on the bridge panel
ig connected to the junetion of the ratio arms, it is
necessary to take a reading at each. The tabulated
data will show:

1. The identity of each binding post on the
bridge panel with the corresponding numbered
binding post of figure 38;

2. The zero resistance (resistance between
branch points ¢ and & with all dials on zero);

3. The internal lead resisiance (resistance {from
(1) to a plus the resistance from (6) to d.

The connections of the bridge to the test eircuit
are shown in figure 39. A sample set of test data
is given in table A.  If the bridge circuit is known
before the test, the tabulation is simplified. In
that case, the reader may turn to the paragraph
below, marked **,

Column I of table A shows each reading taken
on the DRRS as the battery clip was connected
to each binding post. First, the keys were open.
No reading could be taken at B4, until the BA
key was closed which showed the location of the
battery key in the circuit. It is indicated in the
table by the letter “k’ The location of the
galvanometer key was determined in the same
way.
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0,000

BRIDGE

IR

BA Q<—KEYS—>O GA

DR RS

Ficure 39. Connections to open-dial bridge for zero and
lead resistance.

TABLE A
I II III IV
XL 6 648 Xy 4 673 1
0. 00046
Xv 4673 kBAL 4 764 i 2
. 00718
kBAL 4764 GAg 6 200 3
. 00099
BAnr 6 308 Bdg 6 308 4
. 00078
kGAL 6 555 kGAL 6 555 5
. 00046
GAx 6 200 Xy 6 648 6

The data of column I were rearranged in column
ITin the order of magnitude of the DRRS readings.
Column II shows the order in which the binding
posts of the bridge are connected into the circuit.
Column I1I gives the resistances between consecu-
tive potential points (or branch points). For
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%
* (2) BA,

Ficure 40. Identification of bridge binding posts with ¢,
post numbers of figure 35.

example, the resistance between the upper ?
hinding post, Xy, and the bhranch point to whiel
the left battery binding post, BA4;, is connected |

47644 673 _

5 46.

Since 10-ohm resistance standards were used, thi
is 46 parts per million of 10 ohms, equal
0.00046 ohm. This is the resistance of one of th
internal leads. The other internal lead is fron
X to the branch point where the lead from GA
joins the network. This lead also has a resistanc
of 0.00046 ohm, making the total internal loa
resistance 0.00092 ohm. (The two internal lead
are not always equal.)

The largest resistance in column IIT is 0.007X
ohm. This is the zero resistance of the rheosta
arm. Hence, G4z and BA;, are connected to th
ends of that arm. The other resistance values I
column IIT are not used. )

Column IV of the table lists the binding-pog
numbers of figure 35 which correspond to &
bridge designations in column II. Figure 40 18
repetition of figure 35 into which the designatio
of the binding posts on the bridge panel have |
entered. The relative distribution may be
ent in another make of bridge and the locatic
the BA and GA keys may be different. L
case, the circuit diagram is the diagram 0
35 with the numbers replaced with the :
panel designations of the binding posts, 306
location of the keys corrected, if necessary.

The completion of the -circuit, ﬁgurle
based on the data of table A. From 0 0
and 111, it is seen that the lead from Xu e
ohm) joins the lead from BA. at 2 branct
which 'is at one end of the rheostat nfmt e
ohm). The other end of the rheuaﬁz
joined by the lead from GAxz. H‘}?C
and (3) of figure 35 are repl@ced by Avr =
GAg, respectively.
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A% the bottom of the table, it is seen that the
Jead from X, (0.00046 ohm) joins the lead from
AL at & branch point of the network. Hence,
) and (5) are replaced by X and (FA4;, respec-
gvely.  That leaves By to replace (4) and com-
plate the working diagram of the bridge circuit.
«+]f the circuit diagram is available at the be-
ginning of the test, the DRRS reading at BAg
°ill be omitted. The data may be tabulated as
llowe:

TasLi B

Pot. pt{ Rdg. Computation Resistance
(s ‘ 6200 | 6 900—4 764 1o | “Zero”=0.007

l T Tl ohm.
BAL | 4764 | 47644 673

1 —y = 46
Yo | 4878 Lead=0.0009 ohm:.
LA 6648—6 555_ .

504570 090 46

oA ' & 555

Although the computations give values to
fivo decimal places, they are rounded off to the
calues shown above. Measurements are rounded
off to conform to the degree of accuracy stated
1 the NBS certificate, a sample copy of which
is meluded in this paper. A study of this copy
will show the practice generally followed at the
National Burcau of Standards.

The zero resistance is reported as the resistance
at the zero setting of the top dial of the bridge.

The lead resistance is the quantity = in the
squation

Y
;X—'B—,R—i',

Li_n which A4/, B, and R’ are the corrected values
of the respective bridge readings, A, B, and R.
gmg complete equation has been given in section

14.2, Test 2: The Rheostat Arm

. The method described here is applicable to
?‘1}‘ decade type of rheostat or resistance box.
: tigure 41, fob X be a resistance decade of the
eostat arm of a bridge. Let ¥ be an auxiliary
i gOs?at,. ag tho rheostat arm of anothor bridgo,
Pi%hges{smnce box with decades cgrresponrding
e (efzades of X. Evidently X and I are
pochangeable in  the circuit. Hence, both
a _3}’] ¢ calibrated simultancousty.
_gfc‘?réneimy contact surfaces, h and %, of a
s'horst'an.dk permit the convenient exchange
it "'érsamgpln-]k for a resistance standard, or
i3] oo Is o resistance standard with a
s e’tub ten times the value of the standard
b Its corrected value is not needed.

B are the arms of a Direet Reading Ratio

=N

Y1cURE 41. Schematic diagram of circuié for test of rheostat
arm.

It the 100-ohms-per-step decade of X is to be
calibrated, a 100-ohm standard is used on the
left. Each resistance coil of the decade iz com-
pared with this 100-ohm standard. A 1 000-chm
standard is used at D. To test the first step of
the decade, set the dial at zero, seb ¥ at 900 ohms
(step O on the 100 ohms-perstep decade), and
place the 100-ohm standard on the mercury
stand. The nominal resistance of the left upper
arm is 1000 ohms, corresponding to the 1000
ohms in the right, upper arm. Balance the circuit
and take a reading (Rdg;) on the DRRS. Then
advauce the dial on X to step 1. Replace the
100-ohm standard with the link. This change
substitutes the first coil of the decade for the
standard. Balance the circuit and take Rdg, on
the DRRS. Let ¢ be the correction for the
standard and ¢, the correction for the link. Then
the correction to the nominal value of the first
step of the 100 ohms-per-step decade of X, i
parts per million is,

¢;=10(Rdg,—Rdgi) +e.—er.

This equation gives the correction in parts per
wmillion of the nominal value of the resistance coil
which is being tested. The term, ¢, is included
in the equation for completeness. Howover, it ie
negligible when the nominal value of the coil ex-
ceeds ten ohms, provided that the resistance of
the link does not exceed 50 microhms. The
factor, 10, in the equation is nccessary because
the resistance of each of the upper arms of the
test cireuit is 1 000 ohms. Therefore, Rdg,—Rdg,
is parts per million of 1 000 ohms. The difference
i the readings must be multiplied by ten to
change it to parts per million of 100 ohms before
the correction for the standard, ¢, is added.

For example, suppose the correction for the
standard is +45 ppm.
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Rdg,, with standard in the circuit, X on zero, Y on
step9. . . . . ..o oo L. 5489
Rdg;, with the link in the circuit, X onstep 1, Y on

step 9 . . 5478
Rdgz R 5478
Rdg1 . . . 5489
Rdgz“—Rdgl ... —11
X 10= . . . —110
“+e . . +45 (cz, negligible)
=c, . —65 ppm

100X (—0.000065)=—0.0065 ohm, correction for
the first step.

The 1 000-ohm resistor in the right upper arm
of the test circuit, often referred to as the dummy,
serves only to balance the circuit and does not
enter into the computations. Any reference to
the “standard” is a reference to the standard
resistor in the left upper arm, with which the
coils of the decade are compared.

To find the correction for the second step of the
decade, leave the dial on step 1, replace the link
with the 100-ohm standard, set ¥ back to step
8 (800 ohms), and take Rdg; on the DRRS. Re-
place the standard with the link, advance the dial
on X to step 2, and take Rdgs,. Since ¢; is negli-
gible for this decade, the correction for the second
coil is 10(Rdgs—Rdgs) +¢,. If Rdg; is 5 473 and
Rdg, is 5464, the correction is —45 ppm, or,
100X (—0.000045) = —0.0045 ohm.

Each step of the decade is tested in the same
way. At each step on X, the corresponding
decade on Y is set back one step to maintain a
balanced circuit.

The step-by-step measurements give the cor-
rections for-each individual coil of a decade.
‘When the bridge is used o weasure an unknown
resistance, several coils may be in series. If the
dial of any decade is set on 5, the first five coils
of that decade are in series. The correction to
the nominal value at that setting is the sum of the
corrections to the five coils in use. Hence, a
step-by-step summation must be made of the
corrections to the coils in the decade to find the
currection applicable o each dial setting.

14.2.a. Calibration of X and Y

As has heen pointed out, the decades of the
two rheostats, X and Y, may be calibrated simul-
taneously. Compare Rdg,, above, with the 100-
ohms-per-step decade of Y at step 9 and Rdg;
with Y at step 8. From these readings the cor-
rection for the 9th coil on Yis10(Rdg,—Rdgs) +-¢,),
that is,10 (5 478 —5473) 4+-45=-95; 100X 0. 000095
=0.0095 ohm.

The corrections for each coil of the Y decade
will be in order downwaid from the 9th coil to the
1st. Hence, the summation of the corrections
begins with the first coil at the bottom of the col-
umn and proceeds upward until the sum of the

34

corrections for all the coils in the decade is sh
at the top.

If there are ten coils in a decade, the proce
differs only in that there is one more coil t
measured.

Other decades (except the 0.1-ohm-per-
decade) are measured in the same way. For
1000 ohms-per-step decade, the standard wil
1000 ohms and the dummy, D, will be 1(
ohms. Likewise, for the 10-ohms-per-step dec
the standard will be 10 ohms, D will be 100 o}
and for the 1-ohm-per-step decade, the stan(
will be 1 ohm, D will be 10 ohms. .Note -
the correction for the 1-ohm standard mugg
its two-terminal value.

It the standard and the link are substitused,
one for the other, in the circuit as explained ab
it will be necessary to include the correction
the link in the equation for ¢, when testing
10-ohms-per-step and the 1-ohm-per-step deca
For measurement of the resistance of the link,
“Measurement of a Small Resistance” (sec. ¢
A copper link ¥ in. in diameter and 3 in. betw
centers of contact surfaces will have a resist
of approximately 40 microhms. With that
sistance, the correction for the link will be 40
when used with a 1-ohm standard, or 4 ppm w
used with a 10-ohm standard.

The correction for the link may be avoided
the arrangement shown in figure 42. With
standard and the link on one end of a mer
stand, as shown in the diagram, the link serve
a switch in the lead from the DRRS. When
link is in the position shown by the solid curve,
standard is in the measuring circuit. When
link is in the position shown by the dashed cu
the standard is cut out of the circuit. Since
resistance of the link is a fixed part of the lead
sistance, it does not enter into the computati
‘When the standard is in the circuit, the resista
of the bar between the link and the standan
included. This resistance is negligible for
%—inasquare nickel plated copper bars of the M
stand.

TO RHEO ARM

FROM DRRS

FiGurE 42. Use of link as ¢ switch-



Tasue C.

Data from test of 10-ohms-per-step decades of bridges X and Y.

Temperature, 25.0 ° O, Correction for 10-ohm standard, 46 ppm.

|l Bridge X Bridge Y
|
| : .
I |11 lIIIl v v violovi VIII x ! X
| i
[ I
XY DRRS ¢, ppm Summation! ¢, chm ¢, ppm  [Summation| ¢, ohm
0] 9 8 5 500
| —104 —194 ) —0.002 ool
1] 9'..| 5480
SR R (RN U SN —204 | —2546 —0.025
1] s|s | 5501
= —234 —428 — 004 |
2| 8l....| 5477
_______________________________ —344 | —2342 ~. 023
2] 718 5512
| —364 —792 —. 008 | .
3, T|...] 5475
R U T SORSRAEIS A M N R ——— —284 0 —1998 —. 020
3! 6|8 5 504 i
456 —~736 — 007 | .. [T
4| 6 (... 5500 . !
[ PO [ A : —324 1 —1714 —. 017
4| 518 l 5 542 ; )
- —544 ’ —1 280 L i U
50 5 (.| 5487 1
__________ ool =834 —1390 —. 014
5 4|8 | 5521 i ; !
— 944 —1 824 —. U18 |_________-! _____________________
6| 4[| 54686 : |
! SRR NS NUN ~274 | —1 056 —. 011
61 3|8 | 5494 . ; '
- +446 | —1378 —~ 014 (eoioo_ . O A
7| 8[| 5538 | '
________________________________ —224 —782 —. 008
7\ 28 | 556t i
‘ ~524 | —1 902 B3 X T S
81 2. 5508 |
e T SO R, X —284 —558 —. 006
§) 118 | 557 .
—594 | —2496 =025 o
94 1 - 5 477 |
______________________________ —274 —274 —. 003
9 0] 8 l 5 505

. Some difficulty may be encountered in getting
i& Yanometer resdings on scale when testing the
Ié? b—per—step decade. This difficulty results
‘x‘i/h'm adly unbalanced resistance of the leads from
fostand to the rheostats. It is easily overcome
A modifying the lead resistance.
¥ t%um'% shows the arrangement of apparatus
e simultaneous test of the rheostat arms of
en‘xtl?ges' Reference to figure 40 shows that
. eads should be taken to binding posts Xy
kA current lead should not be connected
&SEO&USS the BA key contact may not main-
oo %Ilt resistance. The battery or potential
. dgeoi;[he junction between the dummy, D,
8o O oon
Bj) C gives the data obtained from a test of
S-perstep decades of the two bridges.
"ol resistance standard. D was 100
Bee the link, L, was used as a switch as

Si

shown in the diagram, no link correction entered
into the computations.

Column I in the table gives the settings of the
dial of bridge X; coluran T1, the settings of the dial
of bridge Y. Column III shows the standard in
the circuit at certain dial settings. The DRRS
readings for each pair of dial settings are given in
column IV. Columns V, VI, and VIT include data
for bridge X. In column V are the corrections in
parts per million for each resistance coil of the
decade. Column VI is the step-by-step summa-
tion of the corrections in Column V. The correc-
tions of column VI, which are in parts per million,
are rounded off and expressed as fractions of an
ohmin column VII. Thelatter are the corrections
to be used for each dial setting of the decade.
Columns VIII, IX, and X give the corresponding
data for bridge ¥, reading upward from the bottom
of the table.
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Ficure 43. Connection of two rheostat arms into test circuif.

14.2.b. The 0.1-Ohm-Per-Step Decade

The steps of this decade are compared directly
with the steps on the X1 000 dial (or 0.1-obhm-
per-step decade) of the Direct Reading Ratio
Set. 1In figure 44, A and B are the arms of the
DRRS. The dummy resistor, D, is 100 ohms.
As in preceding tests, the rheostat arm of the
bridge and the auxiliary rheostat are in series in
the left upper arm of the test circuit. Set the
auxiliary on 99.5 ohms. Set the dials of the
bridge on zero. Balance the circuit with the dials
of the DRRS. It may be necessary to change the
setting of the auxiliary slightly, so that, when the
circuit is balanced, the 1 000 dial of the DRRS
will read zero, corresponding to the zero reading
of the dial to be tested.

Advance the 0.1-ohm-per-step dial of the bridge,
step by step, taking a reading on the DRRS at
cach setting of the bridge dial. Subtract the
reading at step zero from each subsequent reading.
The results will be the true values for the corre-
sponding settings of the bridge dial. Subtracting
the indicated value from the true value of each
step will give the correction.

If the bridge has a 0.01-ochm-per-step decade, it
is tested in the same way by comparing it with the
steps of the corresponding decade of the DRRS.
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Fraure 44. Test of 0.1-ohm-per-step dial.

Tasre D. Somple data from a test of a 0.1-ohm-per-si.

decade

Step DRRS | Resistance| Correction
0 0 456 0. 0000 0. 0000
1 1 458 . 1002 . 0002
2 \ 2 457 L2001 | +. 0001
3! 3 456 . 3000 ¢ . 0000
4 4456 | 4000 - 0000
5 5 456 . 5000 ! . 0000
6 6 456 . 6000 . 0000
7 7 456 ! . 7000 . 0000
8 8 455 i . 7999 —. 0001
9 9 454 . 89908 —. 0002
10 10 455 . 9999 ‘ —. 0001

The corrections for this dial (all less than 0.00(
ohm) were negligible.

14.3. Test 3: The Ratio Arms

The connections on the panel for selection of,-ﬁ
ratio arms consist of two heavy bus bars malf
A with a third bus bar, B, between thd
Between each A bar and the B bar is a T0%
studs, each of which may be connected to €
bar by a plug. Each stud is connected I
resistor of the denomination marked on theg
to a bus wire which extends internally
neath the B bar and terminates at the !
post BAp. The connections of the bus Wi
A bars, and the B bar to the binding 1%
shown in the diagram, figure 45.

With a plug inserted between any Stud
A bar, the 4 bar is connected through
cated resistor to BAp Likewise Witk
inserted between any stud and the




A PLUGGED 70 10
B PLUGBED TO 1000
RATIO-A/B=10/.000

TiaurE 45. Block and plug arrangement for ratio arms.

GAL BAg

Fioune 46, Plugs soi for ratio 1:1.

bar is connected through the resistor to BAg.
With studs inserted on both sides of the same
stud, the ratio arms are shori-circuited. A one-
to-one ratio may be obtained by plugging the A
har and the B bar to two different studs of the
same denomination. In figure 46, the A bar is
shown plugged to stud 10, the B bar to stud 10’
for & ratio of one to one. Figure 45 shows that
ay one of the ten resistors may be plugged to
either arm.

Plugs should be well fitted, clean, lubricated,
md inserted with a firm, slightly rotary motion.
The measured correction for any resistor when
measured in one arm should agree reasonably with
the measurement in the other arm. However,
-tontact and lead resistances between the resistor
md the terminals of one arm differ from the
Iesistances between the resistor and the terminals
W the other. T'hese differences are small relative
10 2 10 000-ohm resistor, large with respect to a
Lohm resistor.  The measurements on a 10 000-
Jun resistor in each arm will usually agree within
#bpm.  Corresponding measurements on a 1-ohm
gﬁrﬁﬁlstor may disagree by more than 100 ppm.
sbeeffect of contact and lead resistance is such
the use of & 1-ohm resistor in either arm is to
tvoided, if possible, when precision is important.

be

14.3.2a. The A Arm

-rRei‘eir;ﬁum to the oireuit diagram, figure 47,
: . ?t to measure the resistors of the A arm,
i e]ads may ly)e taken to X, and BAg,
i eads to (4, (@A key locked down)
&%-G e remistancos arc mcasul:ed between
ethog.  PORts @ and ¢ by the interchange

“Osa

Fieunw 47. Schematic bridge cireudl.

FIGURE 48. Test conneciions for A arm.

The arrangement of the test circuit is shown in
figure 48. To measure resistor 1 (1 ohm), plug
stud 1 to the A bar, stud 1’ to the I3 bar. Place
a 1-ohm resistance standard on the left of the
stand and a link on the right. With the battery
lead to GA;, take Rdg; on the DRRS. Exchange
places between the standard and the link, connect
the battery lead to GAz, and take Rdg,.

To measure 1/, plug stud 1 to the B bar, plug
1/ to the A bar. Repeat the above procedure.

With stud 1 still plugged to the 2 bar, plug each
remaining stud in turn to the A bar and take the
readings, using appropriate standards.
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For each resistor in the arm substitute the
corresponding readings in the following equation:

cz=R—«'———dg2;Rdgl+cs —L

The correction for a 1-obm standard must be its
two-terminal value (see. 8.6). The correction, 1,
for the link was discussed in connection with the
test of the rheostat arm. 1If the link is used with
a 1-ohm standard the correction will be equal to
its resistance in microbms. If used with a 10-ohm
standard, the correction will be one-tenth of that
value. With resistance standards in excess of
10 ohms, the correction is usually negligible.
The results in the fifth column of table E are
corrections in parts per million. The corrections
m the last column are in proportional parts,
rounded off as they appear in the certificate.

(sec. 8.3).

14.3.b. The B Arm

Reference to the cireuit diagram shows that
measurements on the B arm can be made by tak-
ing current leads to BAr and GAx and the poten-
tial lead alternately to X; and Xy as shown
schematically in figure 49. The A bar should be
plugged to a one-ohm stud, but not one being

Tasoe E.

B ARM b GAR

Xy

\ POT.LEADS /‘

Fi1GURrE 49. Test connections for B arm.

tested on the B arm. The potential lead throy
Xv goes through the rheostat arm to the bran
point b. Therefore, all dials should be on zg
The resistances measured are between the bran
points ¢ and 8.

Plug the B bar to each stud in turn and me
ure the corresponding resistance coil. Differene
in the measurements in the A arm and in the
arm have been explained above. These differene
usually become progressively smaller as the me;s
urements proceed from a one-ohm coil to
10 000-ohm coil.

After the first tests on a bridge are complete
a second worker repeats the tests, using differy
equipment, if possible, especially different resis
ance standards. A comparison of the results w

Test of A arm.

Sample data from laboratory notes.

Bridge S/N___. Current leads to Xt and BAr. Potential leads to GAr and GAr. Resistance of link, 40 microhms, Date.
DRRS Readings
Std., temp.,
Plug and corr. Computations Correction
Std. at | Std. at
left right
31/24.8 7 058—7
| #8Y 7437 | 7o58 | ST T oy so——153| —0.0002
+77 2
. 7 057—7 4
1/} Same. 7 453 7 057 '—'7—5§+77—40:~—161 —. 0002
#24/24.8 5 544—5 573
10" 5573 | 5544 |5 164 —— 12|  —. DDODI
10’ | Same. 5567 | 5546 M—(—G—é = —8 —. 00001
#26/24.8 —
100 / 5 343 5 423 M—\—% =85 4. 00008
+45 2
2—5
100’ | Same. 53321 5432 Mw& =495 +. 00010
#400/24.9 —
1 000 #400/ 5261 | 5467 M—w =484 . 00008
—19 2
1 000’ | Same. 5247 | 5480 8 4§sz' b 247 19 =97 -{-. 00010
5/24.9 _
oo | */i: soco | arse |PPAE9 . 60 _yi | 00002
S
10 000’ | Same. 5957 | 4766 4—F@(%%§~95—7-H324 =428 +. 00003
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reveal any mistakes or errors. The.rgzsults of two
tests on @ resistance coil should differ by much
ess than 0.01 percent of the nominal value of the
coil. The certified values are the average values
demrmined by the two tests.

14.3.c. Working Test

After a bridge has been tested, some of the
1-e;ults may be spot checked by using standard

resistors as unknowns and comparing the values
measured on the bridge with the corrected values
of the standards. Different resistance values may
be measured at different settings of the ratio arms.
Substitution of the readings on the bridge and
their respective corrections in the equation for X
should give for each resistance standard measured,
a value which agrees well within 0.01 percent with
the calibrated value of the standard.

15. The National Bureau of Standards Certificate

The following text of a eertificate containg data
from the test of a bridge of the make and mc:giel
described in the preceding pages. (The heading

The above-described apparatus was tested in (month
and year) ab a room temperature of about ° . When

ine bridge is in a balanced condition, the value of the
(nknown resistance connected between the “X” termxpals
;f the bridge is given in obms by the following equation:

s=A0te-b)(RitatReta
+ Ry+ ¢34+ Ryt e+ B+ cs) —0.0000.

of the certificate and the identification of tho bridge
have been omitted.)

Here A is the nominal value of the resistor plugged to
the 4 bar, B is the nominal value of the resistor plugged
to the B bar, and a and b are the respective corrections to
these nominal values expressed in proportional parts.
The readings of the decades in the rheostat are denoted
By, Ry, Rs, Ry, and Ry; and ¢, ¢, ca, ¢, and cs are the
respective corrections to these readings. The term 0.0009
is the resistance of that part of the bridge which is in series
with the resistor being measured.

The corrections are given in the following tables:

Ratio resistors, A, B, and corrections a, b

Aor B a b
1 0. 0002 ++0. 0001
1 —. 0002 . 0000

10 —. 00001 —. 00001

10/ —. 00001 —. 00001

100 -+. 00008 +. 00008

100 . 00010 +. 00010

1 000 . 00008 --. 00008

1 000/ . 00010 -+. 00010

10 000 . 00002 +. 00002

10 000/ +. 00003 +. 00003

Rheostat arm
Rx (% ' R‘: l Co Rs C3 Rd Cy
T I

0 0. 007 l 0 0. 000 0 0. 000 0 0. 000
1 000 -, 18 100 —. 002 10 —. 002 1 _ 000
2 000 +.85 | 200 . 006 20 —. 004 2 —. 001
3 000 ~.5 1 300 .00 30 —. 008 3 —. 001
4 000 +.5 400 +. 01 40 —. 007 4 —. 002
5 000 +.6 | 500 +.01 50 —. 013 5 —. 002
6 000 +.6 ! 600 . 02 60 —. 018 6 —. 003
7 000 +.8 I 700 +. 04 70 —. 014 7 —. 003
$ 000 +.9 800 +. 05 80 | —.019 8 —. 003
9000 | +1.0 900 4. 06 90 ! —.02 g —. 004

R -
The SorTections
Correctiong

S tevealed no defects in the bridge.

tf) the one-tenth ohm-per-step decade were found to be less than Q.OOOS. . . o £ 4
given above arc not in error by more than 0.01 percent of the readings to which they apl'}’lﬂ Of é?a -
'S or more, nor by more than 0.001 ohm for smaller readings; however, the corrections to the 1-ohm readings
e tésrtms are probably not in error by more than 0.0002 ohm.



Part 3. Testing General-Purpose Potentiometers

16. The Potentiometer—General Description

The dial and panel markings on different malkes
of potentiometers are usually clesr. In this sec-
tion, the following syrubols will be used:

Battery binding posts: BA+ and BA—

Bmf binding posts: EMF+ and EMP~—, or

¥+ and K—~

Galvanometer: GA

Standard cell: SC

Standard cell binding posts: 3C+ snd SC—
or STD CELL+ and $TD CELL—~

Eauf-stauducd vell dial or switeh: EMF-SC.

16.1. The Potentiometer Cixcuit

The potentiometer is designed primazily to
measnre an unknown emf by eomparing it with tha
known emf of a standard cell. The basie principle
of the instrument may he understood frow the
schematic diagram, figure 50, which represents the
potentiomerer circuit when the galvanometer key
is closed. When & battery is connected to the BA
hinding posts the ratio of the fall of potential
arross the erof segment of the circuit, E, to the fall
of potential across the standard cell segment, S,
is equad to the ratio of the resistances of the re-
spective segments. It is immaterial i the seg~
ments, B and 8, overlap.

A selector switch, the EMF-8C switch, not
shown in the disgram, connects the standard-cell
binding posts ta the cirenit when the switeh is on
SC, and connects the emf binding posts to the rir-
cuit when the switch ison EMF. A dizl switch, the
standard cell dial, is used to vsry the resistance of
segment S. Figure 50 shows the resistance variable
at the SC+ end. In some potentiometers, it may
be variable at the 8C— end. ¥ there are two SC
dials, one for coatse, the other for fine adjusiment,
the segment is variable at both ends, with one diad
switch at each end.

The gradustions on the SC dial, or dials, cover
the range of standard cells in common wse. When
tho potentiometer is used to measure an unknown
cinf, the BC dial is set on the calibrated vadue of
the standard cell in use.

The resistance of segment I of the potentiometer
circuit is adjusted on the Cromplon-type patenti-
ometer by s main dial which varies the resistance
at one end of the segment, and & slide-wire of
eleven turns on a drum, which varies the resistance
at the other end of the segment. A modification

s £
?i\" ey, e 8A-
10
?q—smcsu.* f]»f EMF ~c§ RHEQ S +/
el
S Sz & e

Froune 80. Simplified sch ic diagram of p 1or
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of the Crompton type replaces the long shide-w;,
with an intermediate disl and a elide wire of y
turn. Usnally, the intermediate dial and the glig,
wire vary the resistance at the same end of #
segment. Other potentiomeler types use saver
dials. The dials are graduated to indicate i
value of the emf applied at the EMF binding post

When s potentiorueter is used for measuremen,
a stable battery with the voltage speeified by t}
maker js connected to the binding posts BA 4~ g
BA—_ A standard cell is connected £o the stay
ard cell binding posts and the unknown emf is oo,
nected to the emf binding posts. It is necessary ¢
abserve correct polarity. A sensitive galvanomey
3 vonpected to the palvanometer bnding o
Theve are usually three or more galvanomete " key
ranging from low sensitivity to high sensitivity

When the BEME-SC switch is set on SC, the en
of the standard cell iinposed across the S Segme
is opposed by the emf across the S segment dus ¢
the current from the battery. The potentiomets
current is adjusted by the rheostat {Rheo, fig. 5
antil depression of the galvanometer key reslis
zero (of minimum) galvanometer deflection, ind
cating that the opposing emf’s arc equal and by
anced. Only a very small current showld be dray
momentarily from the standard cel. While b
ing the current adjustment, s galvanometer keyi
dopressed momentarily to observe the direction s
deflection, beginning with the low-sensitivity ke
and changing Jn turn te other keys as it becoms
necessary to observe the deflection. With perfer
adjustment, theve is ro current from the standan
cell,

The ideal zero deflection of n sensitive gulvg
nometer is rarely obiainable. Henee, “zero dofied
tion” will be used in the sense of the winimug
deflection attainable by careful adjustmen

Aftor the potentiometer has been “standard
by balancing the emf due to the potention
current agatnst the emf of the standard cell
EMF-BCewitchisseton BEMF, This disconndd
the standard cell from the circuit and conr
the unknown emf scross the E-segment (f
of the cireuit. To measure the wnknows el
main dial, or the dial with the largest step va
is_adjusted first and the adjustment is
with the slide-wire, or the dial with the s
steps. The adjustment, is complete when 4
sion of the high-semsitivity buttonré)mdu
deflection of the galvanometer. ‘Then {6
kmown emf is balanced by the emf o0
segment due to the potentiometer cUi'ff;'
readings of the dials, after corrections b&
made, express the value of the nnknown @

The current in the petentiometer mé
with the result that tge instrument 1512’
standardized and the readings of the e{tz
incorrect. Without disturbing the ’g,
emt dials, the EMI-SC switch may P




SC and the current checked. If the galvanometer
shows that the circuit is not balanced, the current
should be readjusted with the rheostat, the switch
returned to EMT, and the measurements continued.
The simplified diagram of figure 50 represents
she potentlometer as a single resistance circuit.
Most general purpose potentiometers have one or
iwo extra branches covering additional emf ranges.
The branch required for a given measurement is
selected by a range or factor switch. A variation
is the use of a plug to connect the appropriate
pranch. With the circuit selector, switch, or plug,
on 1, the main cireuit, which covers the maximum
rgnge of the potentiometer, is in use. Since dial
tesbs arc made over thp aximum range, 1o
correction is required ior. factor 1. The maximum
range of several models is from zero to 1.61 v.

With the circuit selector on 0.1 the range is
reduced to one-tenth (zero to 0.161 v), and the
indications of the emf dials are to be multiplied

0.1,

b)A factor setting of 0.01 is usually included. At
that factor, the range is correspondingly reduced
and the dial readings are to be multiplied by 0.01.

The different factor settings do not affect the
standard cell part of the circuit or the indications
of the SC dial. The standardization of the po-
tentiometer is the same for all factor settings, but
should be done with the selector at the factor
setting at which the potentiometer is to be used
if possible.

As a result of necessary tolerances in manufac-
ture and the inherent instability of resistors, the
resistance components of a potentiometer rarely
or never agree with their design values. Ilence,
when a potentiometer is used for the precise
messurement of an unknown emf, corrections,
which have been found by accurate testing, must
Baapplied to both dial readings and factor settings.

17. Adaptability of the Universal Ratio Set to
Testing Potentiometers

_The test circuit for a potentiometer is shown
Whematically in figure 51 in which the Universal
0 Set, is represented as a slide-wire. Note the
ed connections of battery and galvanometer
vur-terminal measurements are to be made
ultiple settings. The test connections of the
set to a widely-used type of potentiometer
#3hown in figure 53.

- S
g 8

C2

Testing @ potentiometer with URS (schematic).

17.1. Measurement of Voltage Ratios

Let R, and R, be the resistances of segments I
and S respectively, (figure 51), and let £, and P,
be the voltage drops across the respective seg-
ments when a battery is connected to the terminals
of the potentiometer. The potential points are
the binding posts SC+, SC—, EMF+ and EMF —.
The selector switch is'on SC for measurements at
SC+ and SC—, and on EMTF for measurements at,
EMYF+ and EMF—. Let Si, 8, e, and e; be the
URS readings taken at the respective potential
points.

Then, from section 10.2,

P,_R,_e—

P, R, T8-S
— P\ eZ_EL‘

P,=F J>\SZ_S]

Assume that the SC dial is set, on 1.019000 valts.
Substituting 1.019000 for P,,

€261
S}__SI
Generally, the potentiometer rheostat can be
adjusted to make S;—S,=1019.000 (the setting

of the standard cell expressed in millivolts).
Then, in the same units,

PS:-ISQ-Sl

P,=1.019000 %

and
FPo=ey—e,.

The URS is then “direct reading,” that is, the
difference in readings at two potential points may
be interpreted dircctly as an emf without compu-
tation.

17.2. Interpretation of URS Readings

The Universal Ratio Set is primarily a resist-
ance instrument with its dials usually graduated
in ohms of resistance of the left ratio arm. As-
sume that the potential lead from the ratio set
in figure 51 is conuected to EMF+ and that the
test circuit is balanced. Referring to the slide-
wire counterpart of the URS, the slider on the
wire is at Ci. The reading of the dials of the URS
is the resistance in ohms of the slide-wire seg-
ment, AC;. Using the earlier notation, call this
Rdg; instead of ¢, When the lead is transferred
to KMF— and the circuit balanced, the reading of
the URS dials is the resistance of AC,. Call this
Rdg,. Rdg:—Rdg, is the resistance of the slide-
wire segment, C;C,. None of these resistances
is a resistance of any known part of the potenti-
ometer circuit, but Rdg,—Rdg; is proportional
to the emf (P,) across the segment. Therefore,

emf=K(Rdg,—Rdg,),

in which X is a constant for any fixed value of
current.
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The current from a battery across the BA
terminals of .a potentiometer can be adjusted by
the potentiometer rheostat. Generally, the rheo-
stat can be adjusted so that the difference in URS
readings taken at the SC binding posts is equal to
the raading of the SC dial. Then

K=1
and
emf:Rdgjz- Rdgl.

This is the direct reading equation previously
expressed in the form,

P,=e,—ey.

An outline of the procedure for making the URS
direct reading will be found in section 18.

Assume that the SC dial is on 1.019000 v, that
the URS is direct reading, and that URS readings
taken at the SC potential points are as follows:

Rdg; 1090.259 (resistance in ohms of AC))
Rdg, 2 109.259 (resistance in ohms of AC;)

Difference 1 019.000 (resistance in ohms of C,C,)

The above difference corresponds to a differ-
ence of potential across segment S of the potenti-
ometer circuit of 1 019.000 mv, equivalent to the
setting of the SC dial of 1.019000 v. Therefore,
readings on the URS are not to be thought of as
resistances, but, if the URS is direct reading, the
difference wn two readings is to be interpreted as
mallivolts. 'This is equally true for readings taken
across segment .

Ignore the decimal point on the URS panel
(that is, move it three places to the right) and the
difference becomes microvolts. - Point off six deci-
mal places and the difference bocomes volés.  The
above difference may be read as,

1.019000 v,
1 019.000 mv, or
1019 000 pv.

The advantage of direct reading is that differ-
ences in URS readings at settings of the emf dials
may be read directly as units of emf,—vols,
millivolts, or- microvolts, depending on whether
six, three, or no decimal places are pointed off.

17.3. “‘Direct Reading’ Versus ‘“Not Direct Reading”

The following examples illustrate the difference
in the work involved when the Universal Ratio
Set is direct reading and when it is not. Six
places have been pointed off in the URS readings
so that the differences are expressed in volts.
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Example 1. URS direct reading.

SC dial Readings on TTRS
SC— 1.019000 1.119619
SC+ 1.019000 .100619
Difference 1.019000 v.
Main dial Readings on URS
E— 0 . 219777
E— 1.2 1.419590
Difference 1.199813 v.

That is, a reading of 1.2 v on the potentiomet
corresponds to a true value of 1.199813 v, Ty,
correction to the dial setting is
1.199813 —1.200000=—0.000187 v
=— 187 uv.
Example 2. URS not direct reading, from g teg|
of another potentiomater of same type.

SC dial Readings on URS

SC+4 1.019000 0.101139

SC— 1.019000 1.126151
Difference 1.025012

Since the difference is not the same as the setting
of the SC dial it is not'in volts. :

Main dial Readings on URS
E— 0 €.220884 (Rdg,)
E— 12 1.427907 (Rdgs)

Difference 1.207023 (Rdg,—Rdg,)

To change the latter difference to volts, use the

equation
emf=K(Rdg,—Rdg;)
=1.207023K v.

K= Setting of SC dial o
Difference in readings at SC potential pointd

1.019000
1.025012

=0.9941347.

Substituting the value of K in the equatiOﬂéﬁ
emf
’ emf=1.207023 X 0.9941347
=1.199943 v,

which is the measured value for a reading
v on the potentiometer. The correction
potentiometer reading is

1.199943 —1.200000=—0.000057 ¥
= -—-57 [.LV-

In the test of the potentiometer from W
data for example 2 were taken, there fveé
readings which were multiplied DY
Much tedious computation coul d
avoided by making the URS direct re



17.4. General Outline of Test Procedures
The usual tests of a potentiometer are:

a. Dial tests.
b. Tactor tests.
¢. Standard cell dial.

The connections of a Universal Ratio Set to
the BA. terminals of a potentiometer are shown in
figure 53 and also in the schematic diagram,
figure 51. Short t.ab§ of bare copper wire at the
30 and the EMF binding posts serve for con-
wonient connection of an alligator clip on the end
of the potential lead from the URS. "The connec-
tions to the BA terminals of the potentiometer
may be interchanged. Generally, two tests are
wmade, by different observers, using different con-
nections to the BA terminals. The URS readings
i the two tests will differ, but the computed
results should agree within the limits of observa-
tional error. 'The results of the two tests {for each
dial step and each factor are averaged to obtain
the reported values.

17.4.a. Dial Tests

The URS may, or may not be direct reading.
Tn either case, the potentiometer rheostat should
10t be changed during the dial tests. The URS
readings at SC+ and SC— should be checked
occasionally. Any appreciable change in the
difference of the. readings indicates a change in
the resistance of the potentiometer circuit which
may produce excessive errors iu the readings.
1t may be necessary to repeat a dial test from the
beginning,

A dial test should be made as rapidly as is
consistent with careful work. If some time
elapses between the tests on two dials, it may be
lecessary to readjust the potentiometer rheostat
o make the URS direct reading for the test of
the second dial; or, if the URS was not_direct
ding, it may be necessary to calculate a different
tor for correction of the URS readings taken
* the second dial.

The SC dial is set on 1.0190 for dial and factor
i8, and the factor switch is set on 1.0 for the
it tests,

‘ﬁi{ead‘mgs. at the SC potential points can be
MXen only if the EMF-SC switch is on SC.  The
ence in the readings should not change
the tests, though a variation of two or
units i the last place of a six dial ratio set
rable, The difference in the readings
.be checked not less often than at the
1_“}§ and the end of each dial test.

EMF-SC switch is set on EMF to take
at each step on each dial, except that
é‘&lre dial is tested at selected settings,

. bY.OY each hundred dial units. While
. Deing tested the other emf dials remain

Tor each dial, readings are taken on the ratio
set at B4+ 0 and at E— 0, that is, with the dial
on zero, readings are taken with the potential
lead to B+ (EMF+) and E—~ (EMF—), respec-
tively. These readings should not change signif-
icantly during the tests. One reading, say the
reading at E— 0, is used as the zero reading for all
emf dials.

The potential point for each succeeding step on
the dial may be EMF+ or EMF—. The correct
binding post may be found by trial. If the wrong
post is selected, the readings on the ratio set will
not change as the dial is advanced.

The record of the test should show the make and
serial number of the instrument, the date and the
room temperature at the time of test.

The record for each dial should show the poten-
tial point, the dial setting, and the URS reading
for each step on the dial. The readings at the S
potential points should be recorded as well as the
readings at the EMT potential points. For
illustration, a partial record for the test of ome
potentiometer follows:

Main dial URS

Dial setting Reading
8C— 1. 0190 1110 627
SCH- 1. 0190 100 627
E+ 0 219 782
E— 0 219 790
E— 0.1 319 769
E— 0.2 419 752
E- 03 519 736

ete.

The readings on a ratio set usually need cor-
rection. The URS readings shown above are
corrected readings. It is convenient, however,
to record the readings while testing and apply the
corrections later.

Readings on the ratio set taken during a dial
test may increase or decrease as the dial is ad-
vanced, depending on which dial is tested and on
the connections of the URS to the BA terminals
of the potentiometer. In the above illustration
the readings increase. The difference in the
readings at SC— and SC+ is 1 019 000 pv or
1.019000 v, which shows that the URS was direct
reading. ‘I'herefore, the correct value at any dial
setting is the reading taken at the dial setting
minus the zero reading. The zero reading is
219 790. The correct value for a dial setting 0.1
v is

319 769—219 790=99 979 uv
or 0.099979 v and the correction is
0.099979—0.100000=—0.000021 v
or —21 pv.

A shorteut in computing corrections is to use
only the last two or three digits of each reading.
In the above example, subtraction of 90 (last two
digits of zero reading) from the last two digits of
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each succeeding reading gives the correction in
microvolts:

Dial setting Jorrection in

microvolts
0.1 69—90=—21
.2 52—90=—38
.3 36—90=—54

ete.

If the shorteut is used in computing corrections,
it is important to note whether successive readings
on the ratio set increase or decrease. In another
test on the same dial the following readings were
obtained:

Dial setting URS reading

r— 0 1 891 342

E— 0.1 1791 362

h— .2 1691 378

) — .3 1591 394
etc.

In this example successive readings decrease.
Therefore, each reading must be subtracted from
the zero reading. The same order must be ob-
served if the last two or three digits are used to
compute corrections, as in the following.

Zero reading=1891342

Dial Correction in
setting microvolts

0.1 42-62=—20

.2 42-78=—36

.3 42-94=—52

If the corrections are quite large, it may be
necessary to use the last three digits. The shorteut
saves considerable computation and reduces the
chance of muking istakes.

The differences in the results of the two tests are
well within the limits of probable errov. The last
digit is uncertain. The average of the results for
each dial step is rounded off and reported to the
nearest 0.00001 v.

If the Universal Ratio Set is not direct reading,
the certified corrections to the ratio set should be
applied before the readings are multiplied by the
factor, K. The determination of this factor and its
use has been explained and illustrated by an ex-
ample in section 17.3.. The products of the cor-
recled readings tirnes the factor are equivalent to
the corrected readings which would have been ob-
tained if the URS had been direct reading and are
to be used in the same way to find the dial correc-

tions.
17.4.b. Factor Tests

Since the dial tests are made with the factor
switeh on 1.0, there is zero correction for factor 1.0
The _other factor circuits are designed to change
the indicated values of emf on the potentiometer
dials by a factor of 0.1, or 0.01, when the factor
switch is on the respective settings. As in all ve-
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sistance circuits, design values are subject to cor
rection.

The design of the factor circuits in differey
makes and models of potentiometers differ widely
The test method to be outlined will apply
Crompton-type potentiometers and others of sin;
lar design.

The connection of the URS to the potentiomaetg
is the same as for the dial tests. The potentiomete
rheostat is set on minimum, the emf dials on may;
mum,

Let S, and S, represent readings on the URg
taken at the SC potential points, and let ¢, and &
be the readings of the URS at the EMF potentjy
points for a setting on factor 1.0.

Let &1, 8y, ¢, and ey be the correspondiy
readings for factor 0.1, and 3,”, S;'/, ¢/, and &
the corresponding readings for faetor 0.01. The

—‘Sl 62’_‘61/
factor 0.1==2

Sz"“sll Co— ¢
facior 0.01= S8 e —e"

SZII__S‘III er—e;
17.4.c. Standard Cell Dial

The vbject of this test is (o detect any significans
departure from & uniform change in resistance as
the standard-cell dial is advanced in equal steps.

The EMF-SC switch is set on SC, the factor
switch on 1.0, and the emf dials on zero. The
correct potential point, SC+ or SC— mdy be
found by trial. Beginning with the lowest sei:
ting of the SC dial, take readings on the URS fmg
each four or five divisions on tlhe dial. The readd
ings of the URS should increase, or decresse
about 100 (on a 6-dial ratio set) for each graduale
division' on the dial. The differences may vu
by 42 or 438 per dial division.

17.5. Some Modifications of Prccedure

The preceding general outline of test procedu
applies, with minor modifications, to the dial teg
of most potentiometers in common use. At
tion will be given now to some of the probl
which the worker may cncounter. y

It should not be assumed that the same pote
point is correct for a given dial test of iff
makes of the same type. The determinath
the potential point by trial has been expla
Tt is well to enter in the laboratory notebod
future reference, the correct potential pom
each model tested. ) :

In section 18, detailed instructions for &
selected model of the Crompton type 10
steps for making the URS direct reachndg.
the same steps, with a different moce
omotor, may oause successive readings o
to diverge from instead of converge 5
It will be necessary to mt;erchanlgel
“SC-+" in the instructions, then ollo
as outlined.
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.vrE 52. Testing a_ polentiomeler with the range of the
oo URS extended.

When testing some potentiometers, it is impos-
ble to take readings on the URS for all settings
“the potentiometer dials. This is due to extra
gstance in the potentiometer circuit, which
akes 1t necessary to extend the range of the
TS by adding a resistance to the right hand end
s shown schematically in figure 52. The added
gstance may be any laboratory-type dial box
r plug box, which is stable in use, but it need not
scalibrated. The required value may be several
undred ohms, which can be found by trial. The
alue should be entered in laboratory notes for
verence when another potentiometer of the same
ind has to be tested. Since the added resistance
2 part, of the modified URS circuit, the right-
md galvanometer connection should be made
giween the resistance box and the potentiometer.
he added resistance does not change the use of
1 URS readings to compute emf’s.

It is impossible to make the URS direct reading
) test some potentiometers. 1t is usually possi-
le to adjust the potentiometer rheostat so that
le difference in the URS readings at the SC
otential points is some simple fraction (say one-
ilf) of the standard value. The following read-
188 wére obtained in one test:

SC—1.019000 2.111068
S3C+1. 019000 1. 601568
Difference 0. 509500

%incc the difference is exacily one-half of
413000, differences in readings taken at settings
emf dials will be one-half the correct value.

xample, readings taken at settings of the
nedial were:

E—o0 0. 850104
Iﬂfll. 5 . 100081
Difference . 750023

0023=1.500046 v. That was the emf
2 Setting of 1.5 and the correction to the
8 was +46 uv,

yPes of potentiometers require special
‘iques.  This is particularly true of
o t1s not practical, within the limits
“eL to outline test procedures for all

The outline of general principles which has been
given, together with the detailed procedures given
m the next section for the test of a selected model,
should serve as a gnide to the test of most poten-
tlometers in cornmon use.

18. Details of Procedure As Applied to a
Specific Model

18.1. Description of Potentiometer—Crompton Type

The main dial has a range in 0.1-v steps {rom Q
to 1.5 v. The slide-wire consists of a coil of
eleven turns of resistance wire on a cylinder. A
drum fitted over the cylinder can be rotated to
move a contactor over the length of the wire. The
edge of the drum is divided into 100 scale units,
cach of which is subdivided into two parts. A
glass plate at the front of the drum has a scale
which is read against the edge of the drum showing
the number of rotations from 0 to 11. An index
line on the glass plate is used to read the gradua-
tions on the edge of the drum. Mach scale unit
corresponds to 0.0001 v. The range of the slide-
wire is from 0 to 0.1100 v. By estimating fifths
of the smallest division on the drum, readings are
obtained to one tenth of a scale umt or 0.00001 v.

The middle dial on the left of the potentiometer
is the factor switch which may be set at any one
of three points: 1, 0.1, or 0.01. Depending on the
factor setting, the EMF measured is nominally
1, 0.1, or 0.01 times the reading on the scales.

The Std Cell dial is set to the calibrated EMF
of the standard cell used when potentiometer
measurements are made. For tests on the po-
tentiometer, the dial is set on the nominal value,
1.0190.

The EMF-Std Cell switch connects the EMF
leads or the standard cell leads into the circuit,
depending on the setting of the switch.

The rheostat dials on the right end of the in-
strument adjust the current in the potentiometer
circuit.

18.2. Test Equipment

Universal Ratio Set (URS), 6-dial or 5-dial
Battery (3-6 v)

Rheostat to regulate battery voltage
Key (preferably with reversing switch)
Sensitive galvanometer

18.3. Tests Required

Main dial—test each step to determine cor-
rections.
Slide-wire—test each 50 dial units to deter-
mine corrections.
Standard cell dial—test each four divisions
for linearity.
Factor——test to find corrections for the 0.1
factor and the 0.01 factor.
Tests should be made at a temperature as near
as possible to the temperature at which the po-
tentiometer is to be used.
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Universal Ratio Set connected for calibraiton of a potentiometer.

The detector is mounted between the two instruments and the test current is switehed on and re-
versed by the operator’s feet.

18.4, Points to Remember

1. Older models of Universal Ratio Sets are
5-dial. With a 5 dial set, it is desirable to inter-
polate one place.

2. The dial readings of most commercial Uni-
versal Ratio Sets require corrections. These cor-
rections must be used for accurate results.

3. The galvanometer binding posts of the po-
tentiometer must be shorted and the High GA
Sens button must be depressed during tests.

4. Potential points and the EMF-Std Cell
switch must agree; that is, the switch must be on
EMF if an EMF potential point is in use, on Std
Cell if a Std Cell potential point is in use.

5. The potential point for measurements on the
main dial is EMF—; for measurements on the
slide-wire, EMF+; for measurements on the Std
Coll dial, Std Cell4-.

6. The Std Cell dial should remain on 1.0190

except when testing that dial. Most standard
cells have a nominal value of about 1.0190 v.
7. The battery rheostats of the potentiometer
should remain unchanged after adjustment for
direct reading on the URS, except to make factor
tests.

3. All electrical connections must be clean and
tight.

9. Turn the dials back and forth several times
to wipe the contacts clean to reduce contact
resistance. This applies to the URS as well as
to the potentiometer.

46

18.5. Testing Procedures
18.5.a. Gonnections and Dial Settings

(a) Short the GA binding posts with a sh
piece of bare copper wire.

(b) Connect the BA binding posts of the
tentiometer to the right and left binding posts
the URS as shown in figure 53.

(¢) Connect the galvanometer leads to
extra end posts of the URS.

(d) Connect short pieces of bare copper ngg
the Std Cell and the EMF binding posts
used as potential points. )

(e) Connect one battery lead to the mfd
post of the URS. o

(f) The other butbery lead should end m;@
clip to permit ready transfer from one PO
point to another.

(2) Set the Std Cell dial on 1.0190. i

(h) Depress the High GA Sens button &
it down with a weight. . e

(i) Set the factor switch (maiddle dialEE
left) on “1.” .

(3) Set both the main dial and the il
on zero.

18.5.b. To Make the URS *Direct Readir®
Set the EMF-Std Cell dial on S,t(jn
On the right end of the potetltvlova

are three knobs which control & o

ance or rheostat made np of three S€7
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Ticure 53. URS connecied to @ Cromplon lype potentiom-
¢ter for testing.

Binding posts not used in tests are not shown in diagram.

adjustment, & medium adjustment, and a fine
#djustment, as indicated on the panel. The
Trows on the panel show in which direction to
ln each knob to increase or decrease the resist-
fce in the battery circuit. The purpose of the
gostat is to regulate the battery cwrent to
ks the difference of potential befween the SC
adll,lg posts equal to the reading of the Std Cell

“URS will be “direct reading” when the
Isadjusted to make the difference between
S readings taken at the two Std Cell
| points equal to 1 019 000.
the right side of the URS connected to
binding post of the potentiometer and
1 adjusted for direct reading, the reading
URS will usually be near 1119 600 with
Yelip at Std Cell— and near 100 600 with
oy at Std Cell+ (See table I, page 48).
iings will be time-saving guides for the
Ustments,
61}{)Satt<_zry clip connected to Std Cell—,
3 hdl&ls to 1119 600 and adjust the
1 the potentiometer to get & zero de-
the galvanometer when the battery
. art with the coarse adjustment.
Earent has heen regulated as closely as
" 16 coarse adjustment, proceed with
¢ Ustment, and then the fine adjust-
!mpossible 1o get a zero deflection

of the galvanometer, adjust the rheostat for min-
imum deflection.

Next, move the battery clip to Std Cell+4.
Adjust the dials of the URS until the cireuit is
balanced (zero or minimum galvanometer deflec-
tion). If the URS is 5-dial, interpolate for the
last digit of the reading. Add 1 019 000 to the
disl reading obtained and set the dials of the URS
on this value. Transfer the battery clip to Std
Cell— and adjust the rheostat for zero deflection
of the galvanometer.

Move the battery clip to Std Cell4 and repeat
the adjustment of the URS dials as above.

Continue the procceding, adjusting the rheostat
when the battery clip is at the Std Cell— poten-
tial point and adjusting the URS dials when the
battery clip is at the Std Cell4 potential point
until the difference between the URS readings
taken at the two potential points is 1 U019 0UU.
The adjustment usually can be made very ac-
curately. If necessary, a tolerance of two or
three units in the last place is permissible.

If there are any corrections to the dial readings
of the URS, use the corrected readings for the final
adjustment.

A second test should be made on a potentiom-
eter to check the accuracy of measurement.
For the second test, the connections between the
poteutiometer and the URS should be reversed,
that is, if in the first test the right side of the URS
was counected to the BA— post of the potentiom-
eter, in the second test it should be connected to
the BA— post and the left side of the URS to the
BA— post.

The procedure for direct rcading will be the
same as the preceding, except that 1 019 000 will
be subtracted from the Std Cell4- reading to
obtain the next setting on the URS for Std Cell—.
The dial readings on the URS will be near 991 500
for the Std Cell— potential point and near
2 010 500 for the Std Cell4+ potential point (see
table IT).

In each case, adjust the potentiometer rheostat,
on Std Cell—, the URS on Std Cell+.

It i1s convenient, though not necessary, that the
URS be direct reading. The alternate procedure
will be explained later.

18.6. Measurements on the Main Dial

Set: Main dial and slide-wire on zero.
Std Cell dial on 1.0190.
Faector switch on 1.
EMF-5td Cell dial on Std Cell.

Take readings on the URS with potential
points at Std Cell+ and at Std Cell— and record.
If the URS is 5-dial, interpolate one place. 1f
the URS is direct reading, the diffcrence between
these readings will be 1 019 000.

Change the EMF-Std Cell dial to EMF.

Take readings on the URS with potential
points at EM¥-+ and at EMT—. Then with
the potential point still at EMF—, take and re-
cord readings for each step of the main dial.
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Set the main dial back to zero and repeat read-
ings for Std Cell+, Std Cell—, EMI - 0, and
KMF— 0. These should not differ from the
initial readings by more than five steps on the
sixth dial of the URS.

18.7. Measnrements on the Slide Wire

Initial dial settings as in section 18.6. Repeat
the readings for Std Cell+-, Std Cell—, EMF+-,
and EMF—. Remember to set the EMF-Std
Cell dial on Std Cell when reading at a Std Cell
potential point, on EMF when reading at an EMF
potential point.

With the potential point at EMF 4, take read-
ings for each 50 dial units on the shde wire. When
the slide wire is returned to zero, readings at
Std Cell+, Std Cell—, EMF+, and EMF—
should not have changed by more than five divi-
sions on the sixth dial of the URS.

Correct the URS reading if corrections are re-
quired.

(A good practice is to record all readings in
black, make all corrections and enter all results
of computation in red.)

For a second test, on both the main dial and
the slide wire, reverse the connections between
the URS and the potentiometer and proceed as in
the first test.

18.8. Measurements on the Standard Cell Dial

This is a test for linearity, that is, a test to
find whether or not the steps on the dial correspond
to uniform changes of resistance. With the
potential point at Std Cell4-, take readings for
each four divisions on the dial. These readings
(corrected) should decrease (or increase) uni-
formly. Deviations should be less than fifteen
units on the URS.

18.9. Finding Corrections for the Main Dial

Following is the recorded data for a few steps
on the potentiometer (URS readings are recorded
without pointing off decimal places).

TaBLE I1. Second test, with connections between URS and potentiometer reversed.

TasLe 1. First test, with URS “direct reading’ ana
side of URS to BA—.

I Ila IIb I
$C—10 190 1119629 | 1119627
101
SC+10 190 100 631 100 627
EMF+ 0 219 782 219782 |_____
EMF— 0 219 790 219 790
EMF— 0.1 319 772 319 769
.2 419 756 419 752
.3 519 740 519 736
-4 619 726 619 716
.5 719 709 710 701
15| 17195227 1719520 |

Column I—Potential points and dial set

Column ITa—URS readings; column
corrected URS readings.

Column ITI—The difference, 1 019 000, bet
the Std Cell readings shows that the URS
“direct reading.” The other numbers in
column are the corrections to the dial rea
expressed in microvolts. These are foun
the following procedure: The reference vai
the reading for EMF-0. Since the URS rea
increase each step, the reference value is
tracted from the reading for each succe
step, then the indicated value of the dial s
is subtracted from the result to obtain the
rection.

Dial step

0.1v 0.319769—0.219790=0.099979 or (0.1—0.000
0.2v 0.419752—0.219790=0.199962 or (0.2—0.000
0.3v 0.519736—0.219790=0.299946 or (0.3—0.000

And so on. .
The computation is simplified by using
the last two or three digits of the readin
find the corrections:
0.1v 769-790=~—21 pv
0.2v 7562-790=—38 uv
0.3v 736-790=—54 pv.
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1 IIa 1Ib 111 v v
SC+ 10190 | 2010488 | 2010 494
1 019 000
SC— 10190 991 473 991 494
EMFE L 0 1 801 317 1801 8340 (__ e oo
EMF— 0 1 891 310 1 891 342 0 0 0. 00000
EMF— 0.1 17913341 1791362 —20 —921 —. 00002
.2 1691355 | 1691378 —36 —38 —. 00004
.3 1591368 | 1591394 —52 —54 —. 00005
.4 1 491 398 1491 412 —70 —74 —. 00007
C5( 1391415 1391431 —89 —89 —. 60009
UB | T3eis7i | Tsorsee | aar| T Ti3ei| . 00025




Columuns 1, 1la, IIb, and III correspond to the
first four columns in the tabulated data for the
first test.

Since the readings decrease, subtract the URS
reading for each step from the reading for zero
1o find the corrections in column IIT. For ex-
ample, to find the correction for 0.3 v,

1.891342—1.591394=0.299948 or
(0.3—0.000052) volt.

1f only the last three digits of the readings are
used,

342—394=—352 pv.

Column IV contains the corresponding correc-
tons found in the first test. Step by step, the
corrections found in the two tests should not
differ by more than 20 or 30 uv.

Column V shows the reported corrections as
fractions of a volt. These were derived from the
gverage of the results of the two tests for each
step. The final digit was uncertain, so the value
was romnded off to that shown in the table. The
initial readings in the preceding tables and in
those which follow may be useful, time-saving,
guides for beginning a corresponding test om a
Crompton-type potentiometer. As a rule these
readings for different instruments by the same
manufacturer do not differ greatly.

18.19. Finding Corrections for the Slide Wire
_The tables for the slide wire which follow are
similar to the corresponding tables for the main
dial, hence, should need no further explanation.

TanLe III. FPorst test with URS “dirvect rcading’’ right

side to BA-.
}
I Ila IIb III

SC— 10 190 1119 629 1119 627
1 019 000

SC+ 10 190 100 631 100 627
EMF— 0 219 790 219 790 0
EMF4 0 219 782 219 782 +8
EMF-+ 50 214 777 214 776 +14
100 209 772 209 769 421
150 204 765 204 761 429
200 199 737 199 761 +29
250 194 738 194 761 +29
1100 |777T100°8347 71096327158

The readings on the URS for the slide wire are
taken at the potential point EMF-4, but the
reference point is EMF-0, the same as for the
main dial.

The correction for EMF+0 was entered under
“slide wire,” ounly. It should not be entered
twice.

TaBLE 1V, Second test, with connections between URS and potentiometer reversed.

I Ila 1Ib ! I v v
|
|
SC+ 10190 2 010 485 2 010 494 )
1 019 000
SC— 10190 991 473 991 494 | )
] |
EMF— 0| 1801310| 1891342, 0! 0 0.0
EMF - 0 1 891 317 1 891 349 i +7 ( +8 4. 1
EMF + 50 | 1896323 | 1896356 ; +14 ! 14 +.1
100 | 1901 348 | 1901 353 11 +21 +.2
150 | 1906358 | 1906364 | +221 429 +.3
200 | 1911358 1911 366 | +24 1 429 +.3
250 1916 368 1916377 | +35 +29 +.3
1100 | 2001480 | 2001405 | 153 +158| T16

&I{ IV shows the corrections for each step
d in the_ﬁrst. test. These were averaged
corrections in Column 11J and the value
Off. "I'he results were then entered in
- 38 tenths of & dial unit on the slide wire.
_I,;ne, the corrections found in the two tests
'hg ;)Vf 250 were 435 and +29, respec-

LL e;mge was +32 uv, or +0.000032 v.
% was glroppe;d as uncertaln, grving
- A dial unit on the slide wire is
Hiehce, the correction is +0.3 of a slide

1318 the form in which it would

be used in the formula which will be presented
later.

18.11. Tabulation of Data for Standard-Cell Dial

The potential point is Std Cell4-. The meas-
urements in the following table were made for
every fourth dial division with the left side of the
URS to BA—. The graduations on the dial were
accepted as linear because the deviations from
uniformity in the last column are within the range
of experimental error.
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TapLe V. Dala from test of standard cell dial.

TasLE VI. Ezample: (Right side of URS to BA-).

Std cell dial URS URS (cor- | Differences
rected)

10 176 2 009 084 2 009 086 401
10 180 2 009 485 2 009 487 206
10 184 2 009 881 2 009 883 402
10 188 2 010 282 2 010 285

399
10 192 2 010 681 2 010 684

400
10 196 2011 081 2 011 084 105
10 200 2 011 486 2 011 489 201
10 204 2 011 877 2 011 830

18.12. Factors .

The potentiometer has three ranges: the normal
range (0 to 1.6100 v) with the factor switch set on

1,7 g range of one tenth the dial readings with

the factor switch set on “0.1;” and a range of one
hundredth the dial readings with the factor switch
on ““0.01.” TImperfections in circuit compensa-
tion may require that corrections be applied to the
factor readings. However, there will be no cor-
rection for the “1” factor because the dial correc-

tions were determined at a factor setting of “1.” -

To find the factor corrections, set

Main “dial and slide wire at maximum
readings;

Battery rheostats of the potentiometer at
minimum. = However, back off the medium and
fine rheostat dials somewhat from the end points
because good contact may not be obtained at the
end settings.

With potential points alternately at Std Cell+
and Std Cell—, take readings at each factor switch
setting and find the difference between the Std
Cell readings for each. (See tabulated example,
table VI.)

With potential points alternately at EMF+
and EMF—, take readings for each factor switch
setting and find the difference between the EMF
readings for each.

Divide the difference between the Std Cell
roadings for factor 1 by the difference hetween the
EMTF readings for factor 1. Call this quotient 1.

Divide the difference between the EMF readings
for factor 0.1 by the difference between the Std
Cell rcadings for factor 0.1, Call this quotient

.1,

Divide the difference between the EMF readings
for factor 0.01 by the difference between the Std
Coll roadings for factor 0.01. Call this quotient
Q.01. Then

The 0.1 factor=@1X@.1
The 0.01 factor=0Q1X{.01
50

Factor switch 1 0.1 0.01
Std Cell— 1 275 553 1275 487 1275 4;
Std Cell+ 114 627 114 637 114 6¢
Difference 1 160 926 1 160 850 1160 8¢
EMF— 1 959 006 308 309 143 2
EMF+ 124 908 124 899 124 9(
Difference 1 834 098 183 410 18 3¢

The above URS readings are corrected values,
The 0.1 factor=@Q1X Q.1

183 410
1 160 850

1160 926
1834 098

X —0.100006;

This may be written “0.1(14-67 ppm)”.

Hence, the Correction for the 0.1 factor is -6
ppm.
The 0.01 factor=@1 X ¢.01

_ 1160926, . 18 339
~1834 00871 160 846

=0.00999961, or 0.01 (1—39 pp

The correction for the 0.01 factor is —39 ppn
A secoad test with connections to the UR
reversed gave:

correction for 0.1 factor_____.___ 450 ppxt
correction for 0.01 factor__.____._ —89 ppn

The average of the results for each factor Wé
found and rounded off to give the following result

TasLe VIL
Factor | Aver. cor. | Reported
ppm correction
1 0. 00000
0.1 +-58 +. 00006
0. 01 —64 —. 0001
S

Experimental errors in the measuremen
0.01 factor may amount to 100 ppm- Hen
four places are retained in the reported col
The differeuce iu the results of tw().tt'_e
0.1 factor should be less than 50 ppm; 0L

factor, the difference should be less than
18.13. Application of Corrections

The meaning of the corrections 1"61130
preceding pages may be better un sr
application to a hypothetical meastt
sume that when the potentxometer ¥




measure an unknown EMF, the following readings
were taken: .
factor switch 0.1
main dial .3
slide wire 229.0

The formula is:

E=F(1+d)[R-+c¢+0.0001(R,+cs)]

7 is the polential diﬁerqnoe between the “EMF”
terminals of the potentiometer expressed in the
same units as the standard cell used with the in-
strument. F, B, and R, are the factor, main dial,
and slide wire readings respectively; and d, ¢, and
¢, are the corresponding corrections to these
readings. ) ]

When the above readings and the corresponding
corrections from the preceding tables are substi-
tuted in the formula, the result is:

F—0.1(14.00006)[.3—.00005+.0001(229.0+.3)].
E=0.032290 v.

18.14. Procedure When the URS Is Not “‘Direct Reading”’

This is illustrated by a selection of data from
the record of the main dial of another potentiom-
eter. In the table which follows, column I1a shows
the corrected readings of the URS. The difference
of the Std Cell readings, 1 015 884, shows that the
URS was not “direct reading.” Hence, the num-
bers in column ITa must be multiplied by a correc-
tion factor to obtain the “direct reading” values
recorded in column IIb. To find this factor,
divide 1 019 000 by the difference of the Std Cell
readings. In this test, the correction factor was

1 019 000
1015 8@—1.003067.

This is the coefficient K used in section 17. Col-
umns I, IV, and V correspond to columns of the
same number in preceding tables.

TasLe VIIL. Data for main dial, URS not “direct reading’.

I ! IIa ’ IIb I | 1v v
!

S0-10190 | 1116194 1015884

: | Mult. by

3C+10190 | 100310, 1003067
EMF-+0 P o2189050 219622 1_____ N
EMF—0 . 218952 219624 0 0! 70,0000
EMF-0.1 | 318646 319623 | —1| —1; .00000
.2 418 338 419621 | ~3| —2| 00000
.3 518 032 519 621 -3 -2 . 80000
4 617 726 619621 | —3| —2| 00000
.5 717 420 719620 | ~4| —3| 00000
1.5 1714357 | 1719615 | —9| —3| = 00001

The same procedure applies to the slide wire readings.

18.15. A Working Test

This is a spot check at one setting of the dials

e potentiometer, corrected according to the
ang tests. The connections of accessory
ent to the binding posts of the potentiome-
shown in figure 54. Other details of the
the potentiometer are shown in figure 53.
librated value of the standard cell is not
tant, nor is the setting of the standard cell

onnect & 2-v storage cell to the BA
Posts of the potentiometer according to
Polarity.  Allow the current from the
¢! to flow long enough to become steady.
I;e%mre 3 or 4 hrs.

€L a sensitive galvanometer th
etor binding posts.g anometer to e
oeb one pair of end posts of a double-
o throw (DPDT) gwiteh to the SC
S of the potentiometer, Connect the
end posts of the switch to the EMF

*lse |=

/ STORAGE

[;@;, ,-'j:lsmem

+5TD CELL~ + EMF - 64, 64, + BA

iR

poT

F1Gcure 54. Working test.



binding posts. Make sure that both positive
posts are connected to the same side of the switch.
In figure 54 the left side of the DPDT switch is
the positive side.

4. Take leads from the middle posts of the
switch, to which the knife blades are attached, to
the standard cell. Take care that the positive
side of the switch isconnected to the positive post of
thecell. To avoid accidental short-circuiting of the
cell, make connections to the standard cell last. When
the test is finished, disconnect the standard cell first.

5. Set the factor switch of the potentiometer
on 1.

6. Set the Std Cell dial on any convenient
value, as 1.01900.

7. Set the EMF-Std Cell dial on Std Cell.

8. Set the main dial and slide wire to give the
same reading as the Std Cell dial. Final adjust-
ment to balance the circuit probably will require
only a small change in the setting of the slide
wire.

9. Throw the DPDT switch to connect the
standard cell to the Std Cell binding posts.

10. Tap Low GA. Sens key and observe the
deflection of the galvanometer. Only a very
small current should be drawn momentarily from
the standard cell. The button should not be
held down.

11. Adjust the current through the potentiome-
ter with the potentiometer rheostat (knobs on the
right hand end), until there is no deflection (or
minimum deflection) of the galvanometer when
the galvanometer key is depressed. Start with
the coarse adjustment, then the medium, and
then the fine adjustment.

12. Continue adjustment of the rheostat using
the low, med, and high GA sens keys in succession,
until the galvanometer shows that the emf is
balanced by the emf across the standard cell
segment of the potentiometer circuit. It may be
impossible to get perfect current regulation. Set
the fine adjustment to get the smallest possible
deflection of the galvanometer. Do not change
the current adjustment during the next step of
the test.

13. Immediately, throw the DPDT switch to
connect the standard cell to the EMF binding
posts. Balance the circuit with the emf dials of
the potentiometer. It will usually be necessary
to change the setting of the slide wire only, using
the galvanometer sensitivity keys in succession as
in paragraph 12 above.
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14. When the circuit is balanced, record th
readings of the main dial and the slide wir
Estimate the reading on the slide wire to op
tenth of a scale unit (one fifth of a division
Reset the switches (DPDT and EMF-Std Cg
on Std Cell and check for any change in t}
potentiometer current. If it has changed signif
cantly, readjust the rheostat, return the switche
to EMF, and repeat the adjustment of the sli
wire. If there is a readable change in the seftj,
of the slide wire, it is probable that more time ;
needed for the current in the potentiometer ¢
become steady. Make another trial and repeg
trials until shide wire readings can be repeateg

15. After the final reading, apply the relevan
corrections found in the preceding dial tests to t};
readings of the main dial and slide wire. Compy;
the emf. Since the factor is 1 with zero correc
tion, the equation for £ becomes

E=R--¢40.0001 (R;+¢;)

Compare the result with the reading of the §(
dial. Unless the potentiometer is defective, o
there is some fault in the results of the preceding
tests, the two values will agree quite closely.

Two trials of the working test which wore made
on the same potentiometer using different standar
cells and different standard cell dial settings gave
the following results:

First Treal

R, reading of main dial 1.0
¢, correction to main dial reading —0. 0000§
R, reading of slide wire 191.2

¢s, correction to slide wire rdg. +0.1
E, (from equation) 1. 01901
Setting of SC dial 1. 0190
Difference 0. 0000

Second Trial
R, reading of main dial 1.0
¢, correction to main dial reading

R, reading of slide wire 192.3
¢,, correction to slide wire rdg.  +0.1
E, (from equation) 1.0
Setting of Std Cell dial 1.0
Difference 0.0

Note that the results of the working tes
independent of the calibrated value of the §t}
cell and the setting of the standard cell diak:



19. Sample Certificate for Crompton Potentiometer

gNITED STATES DEPARTMENT OF COMMERCE

NATIONAL BUREAU OF STANDARDS
WASHINGTON 25, D.C.

NATIONAL BUREAU OF STANDARDS
CERTIFICATE
for

POTENTIOMETER

(Maker) ___________________ Serial No.___.____________

Tests of the adjustments of the main dial, the stand-

ard-cell dial, the slide-wire, and the factors of the above-
desoribed apparatus were made in (date), at a room temperature
of about ° C. With the current adjusted so as to
roduce & potential difference between the standard-cell
terminals equal to the reading of the standard-cell dial,
fhe potential difference between the “E.M.F.” terminals
can be expressed by the following equation:

E=F(1+d)[R+c+0.0001(R.+cs)]

‘Here E is the potential difference between the “E.M.F.”
terminals expressed in the same units as the electromotive
orce of the standard cell used with the instrument; F, R,
ind- B are the factor, main dial, and slide-wire readings
‘espectively; and d, ¢, and ¢, are the corrections to these
teadings. The corrections are to be taken from the fol-
lowing tables.

Tactor Switeh Reading ¥ and Correction d

F d
1 0. 00000
0.1 + . 00006
0.01 -~ . 0001

Main Dial Reading R and Correction ¢

R ¢ R ¢
0.0 0. 00000 0.8 —0. 00014
.1 — . 00002 .9 — . 00016
.2 — . 00004 1.0 — . 00018
.3 — . 00005 1.1 — . 00019
.4 — . 00007 1.2 — . 00021
5 — . 00009 1.3 — . 00022
6 — . 00011 1.4 — . 00024
7 — . 00012 1.5 -— . 00025

Slide Wire Reading R, and Correction ¢,

B e A
0 +0. 1 550 +0.9
50 + .1 600 + .9
100 4+ .2 650 +1.0
150 + .3 700 +11
200 + .3 750 +1.2
250 + .3 800 +1.2
300 + .4 850 +14
350 + .5 900 +1.3
400 + .5 950 +15
450 + .7 1000 +1.5
500 4+ .7 1050 +1.6
1100 4+ 1.6

Values abtained hy use of the ahave equation and
corrections are not in error by more than 0.01 percent if &
is equal to or greater than 0.2, nor by more than 0.4 of the
smallest subdivision of the slide-wire for smaller values of

To obtain this accuracy, however, in case E isless than
0.02 volt, usually it will be necessary to correct for ther-
moelectromotive forces within the potentiometer and within
the circuit of the connected galvanometer.

When the reading of the factor switch is changed, the
current through the potentiometer should be readjusted,
if necessary, to produce a potential difference between the
standard-cell terminals equal to the reading of the stand-
ard-cell dial.

Other tests revealed no defects in the potentiometer.

For the Director
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